USING NONINVASIVE GENETIC SAMPLING METHODS TO ESTIMTE
DEMOGRAPHIC AND GENETIC PARAMETERS FOR LARGE CARNDRE

POPULATIONS IN THE ROCKY MOUNTAINS

by

Michael Allen Sawaya

A dissertation submitted in partial fulfillment
of the requirements for the degree
of
Doctor of Philosophy
in

Fish and Wildlife Biology

MONTANA STATE UNIVERSITY
Bozeman, Montana

January 2012



O©COPYRIGHT
by
Michael Allen Sawaya
2012

All Rights Reserved



APPROVAL

of a dissertation submitted by

Michael Allen Sawaya

This dissertation has been read by each membaedfissertation committee and
has been found to be satisfactory regarding congmglish usage, format, citation,
bibliographic style, and consistency and is reaystibmission to The Graduate School.

Dr. Steven T. Kalinowski

Approved for the Department of Ecology

Dr. David Roberts

Approved for The Graduate School

Dr. Carl A. Fox



STATEMENT OF PERMISSION TO USE

In presenting this dissertation in partial fulfikmt of the requirements for a
doctoral degree at Montana State University, | adgihat the Library shall make it
available to borrowers under rules of the Libraryurther agree that copying of this
dissertation is allowable only for scholarly purgssconsistent with “fair use” as
prescribed in the U.S. Copyright Law. Requestsidensive copying or reproduction of
this dissertation should be referred to ProQudstimation and Learning, 300 North
Zeeb Road, Ann Arbor, Michigan 48106, to whom Iéavanted “the exclusive right to
reproduce and distribute my dissertation in andhfroicroform along with the non-

exclusive right to reproduce and distribute my edastin any format in whole or in part.”

Michael Allen Sawaya

January 2012



iv

DEDICATION

| dedicate this dissertation to my s@ssé Lewis Sawaya. It is my greatest hope
that he is able to experience the same natural @rahdt I've been fortunate to witness
while studying carnivores in the ever-fragmentingcky Mountain wilderness. | remain
optimistic that ingenuity can mitigate the growimgman population problem on Earth
and help to restore severed ecological connectibtesy the research contained within
this dissertation be used to address the worlddrand unforgiveable loss of
biodiversity, thus preserving or improving the diyadf life for the next generation.



\Y

ACKNOWLEDGEMENTS

This dissertation would not have beersiiide without continual encouragement
from my family and unwavering support from my wifeggura Blue Sawaya. | am
grateful to my advisor, Dr. Steven Kalinowski, wihelieved in my potential as a
graduate student and provided guidance every $téqgovay. Dr. Toni Ruth instilled in
me the importance of rigorous scientific data asien and shared her knowledge of
carnivores in Yellowstone National Park. Dr. TdDigvenger provided me with an
amazing opportunity to study wildlife crossing stiures in Banff National Park and gave
me the flexibility and independence to develop esearch ideas. Dr. Scott Creel and
Dr. L. Scott Mills provided valuable comments ohséhges of my doctoral research. |
am grateful to the Western Transportation Instituid Wildlife Conservation Society for
funding my graduate education. | feel extremelyijgged to have conducted research in
Banff and Yellowstone and greatly appreciate pappsrt of my field studies.

| am indebted to Jeff Stetz and Jesse Newby far thendships and many
contributions to this dissertation. Blair Fyterdddr. Mike Gibeau provided logistical
support and knowledge of Banff. Kate Kendall amdyAMacleod supplied equipment.
Rob Ament and Kathy Rettie administered funds. [avid Paetkau produced a reliable
genetic dataset. | am very thankful for the haadlwof many field assistants: Grant
Alban, Julie Betsch, Tana Beus, Tyler Coleman, ReDiarvill, Ben Dorsey, Tasha Eyk,
Samantha Fischer, Jill Fraser, Sarah Frey, Sadadp€ourtney LaMere, Erin Latham,
Cam McTavish, Hailey Menod, Carl Morrison, Tuckeutdhy, Ted Nanninga, Andrea

Ram, Jen Reimer, Ellen Robertson, Krystal Tangean@&la Visaggi, and Trevor Ward.



Vi

TABLE OF CONTENTS

. INTRODUCTION ...ttt 4420 e 100ttt e e et e e e e e e e e e annnnnssssbeneenneeees 1
. EVALUATION OF NONINVASIVE GENETIC SAMPLING METHM®S
FOR COUGARS IN YELLOWSTONE NATIONAL PARK ...coeiiiiiiiiiiiiiiiiiiiiiiaeeeenn 3
Contribution of Author and Co-authors ... 3
Manuscript INformation Page ..........ooooiiiiiiiiiiieie e e e 4
pTi g0 o (8o (o] o PP PPTPPPPPTRN 5
1Y 11 1 0T PSS UURPPPPUPUPPPRPI 6
Cougar Capture and Radio-Collaring wee...c.ccovvvvvveviiiiiiiiiiiie e eeeeeeeceeeeeeee e, 6
ColleCtion MEethOUS ...........oooii et 6
Reliability of Noninvasive Genetic SamgjiData..........cccooeveeeeeeiiiiiiieceeies e 8
Comparison of Snow-tracking and Radio-ireey Data .............cccoevevevviiiinnnnes 8...
RESUILS ...ttt et e e e e e e e e e e e e e e e e e e e e e e e e e e e e 9
ColleCtion MEetNOUS ..........cooiii et 9
Reliability of Noninvasive Genetic SamgjiData.............cccoeeeeeevieiiievivvinns e 10
Comparison of Snow-tracking and Radio-redey Data ..........cccoeeeeeeiiiiiiiiiiiiinnns 10
DT o] B ES1=1 [o] o [ OPPPPPPPPPPPRP 11
ColleCtion MEetNOUS ............ooii e 11
Reliability of Noninvasive Genetic SamgjiData.............ccceeeeeeviiiieevivviies e 12
Comparison of Snow-tracking and Radio-redey Data ...........ccceeeeeeiiiiiiieiiiiinnns 12
Management IMPlCALIONS..........uu e 13
ACKNOWIEAGEMENTS ...t e ettt eenne e e eenann s 13
LITErature CIEA ......eviiiiiiiiiiee et r e e e e b e 13

. ESTIMATING GRIZZLY AND BLACK BEAR ABUNDANCE AND
TREND IN BANFF NATIONAL PARK USING NONINVASIVE

GENETIC SAMPLING ...cooiiiiiiiiii ittt e e e e e 16
Contribution of Author and Co-authors........c...eei e 16
Manuscript INformation PAge .........oooooiiiiiiiiiiiiiiee e e e e e 17
INEFOAUCTION ...t e e e e e e e e e e e e e e e e e e e e e e e e s e a e nnnaes 20
Y13 1 T RSP PPPPTRPPPRPPPIN 25
= 10 1] 11 o USRI 25
GENELIC ANAIYSIS ...t e ettt e e e e e e e e e e e e e e e e e e e e e eeeerraana 27
Population ADUNAANCE .............. ettt s s e e e e e e e e e e e e e eeaeeeeneeeeeeeeseennnnn 29
PopUIation TreNd.........ueee et e 31
RESUILS ...ttt et e e e e e e e e e e e e e e nr et e e e e e e e e e e e e e e e e 31
SF= 10 1] 11 o [P RRUURPPPPPPPPRRPRRRT 30
GENELIC ANAIYSIS ... iieiieieeeet e e e e e e e et e e ettt s s e e e e e e e e e e eeeeaaeaeaaeeeeeeeennrnnnnns 32
Population ADUNAANCE .............. ettt eee e e e e e eeeeeernaeae 34

(o] o0 F= 11 o 1N I =T T 35



Vil

TABLE OF CONTENTS - CONTINUED

DISCUSSION ..ottt eemmmm e e s e e e e e e e e e e e e e eet e e e tbb e e e s e e eeeeaa s s e e e e e eeaeeeeeeeeeennnnen 35
0= 10 1] 11 o USSR 36
GENELIC ANAIYSIS ...ttt ettt e e e e e e e e e e e e e e e e e e e e eeerraanna 37
Population ADUNAANCE .............. ettt s s e e e e e e e e e e e e e e eeaeeeeneeeeeeeeesennnnn 37
PopUIation TreNd.........ueee e e 41

F o (01 =T o =T 0 =T o £ 44

RETEIBINCES ...ttt ettt eeeee e s s e e e e e e e e e e e e e eeeeeaaeees 44

. WILDLIFE CROSSING STRUCTURES CONNECT URSID

POPULATIONS IN BANFF NATIONAL PARK ......coiceeiiiiiiiiiiiieeeeeeeeee e 71
Contribution of Author and Co-authorS.....cccceivvveviiiiiiiiii s 71
Manuscript INformation PAge .........coooeiiiiiiiiiiiieie e ee e 72
0T U Tox 1 o o P 75
1YL= g o o £ PP PSPPPP 80
= 10 1] 11 o R UURRSPPPURURR 80
(0] o1 aT=Tod 11/ YOS 81
RESUIS .. e e e e e e e e e e e e e et e et e e e e e e e e e e e e eeeaaannan 82
F= 10 1] 11 o [P PR UURPPPPPPPPRRPRRRT 82
(@0] o 1= o1 111 Y/ P 82
DISCUSSION ...ttt eeermm e e e ettt e e e e e et e e e e e e ea b e e e e seeennesta e e eeeeataaaaeeeenns 84
F o [0V =T o =T 0 =T o | £ 90
LItErature CIEA ....... e e e et e e e e e e e e e e e e e anaaaas 91

. GENE FLOW AT WILDLIFE CROSSING STRUCTURES IN

BANFF NATIONAL PARK ...ttt eenn s 111
Contribution of Author and Co-authOrS....ceeeivviiiiiiciie e 111
Manuscript INformation PAge ..........coooiiiiiiiiiiiiiici e e eeee e 112
1 (oY 18 o1 o] o ST 115
=31 o T 120
= 10 1111 o PSSR 120
GENELIC ANAIYSIS ...t e 121
Genetic Structure and GENE FIOW ...oceeeeiieiiiiiieeeeeee e 123
ST U] S 125
= 100111 o SRR 125
GENELIC ANAIYSIS ...t 126
Genetic Structure and GENE FIOW ...oceeeeiieiniiiieeeeee e 126
T ESY oL U 1STS] (] o 129
o [0V =T (o =T 0 =T o £ 136

[ (= = L (U (= O | (=To IR 137



viii

TABLE OF CONTENTS - CONTINUED

6. CONCLUSION ...cuuiiee et e et bbb s e e as 160
REFERENCES ...ttt e ettt ettt na s 162
APPENDIX A: License Agreement with John WilaydaSons for Chapter 2 ........... 181



iX

LIST OF TABLES
Table Page
2.1  Snow tracking effort for cougars in Yelldase National Park..............ccceevvvinnnnns 9
2.2 Snow tracking success for cougars in Yedtowe National Park.................oooeee. 9

2.3 Counts from snow tracking and radio-telegnseampling and annual

capture probabilities for snow trackingviellowstone National Park .................. 11
3.1 Bear hair trap results from Banff NatioRakk, Alberta.............cccooovvviiinnnnn o 55
3.2 Bear rub survey results from Banff NatioRalk, Alberta...........ccccoeeeveeeeennn 56.

3.3 Number and proportion of grizzly and bléddars identified per
noninvasive genetic sampling method infBBational Park............................. 7.5

3.4  Total minimum counts and model-averageuinasés of grizzly bear
abundance in the Bow Valley of Banff atl Park..............cccceovvvvviiiiiiiiinnns 58

3.5 Total minimum counts and model-averagenasés of black bear
abundance in the Bow Valley of Banff athl Park...............cccooveiiiiiiiiiiiinns 59

3.6 Estimates of realized population growtle ratand apparent survival,
, from Pradel open population models for grizzlatsein the Bow
Valley of Banff National Park ......cee.oooooooiiiiiiic e 60

3.7 Microsatellite marker variability for deteining individual identity
of grizzly and black bears from DNA saegtollected from hair
traps, bear rubs, wildlife crossings amhagement actions in Banff
NAUONAI PAIK .....eiiiiiiiiiiiie ettt e e e e e bbb e e 66

3.8 Model selection results from estimatiorgozzly bear abundance in
the Bow Valley Study Area of Banff Nata@Park............cccooeeiiiiiiiiiiiiinnnn 67

3.9 Model selection results from estimatiormlaick bear abundance in
the Bow Valley Study Area of Banff Nat@iPark.............cccoeevvieeiieiinienenn 68

3.10 Model selection results from Pradel operupatpn models of
realized population growth rate and apparent survival, for
grizzly bears in the Bow Valley of Baiational Park ............ccccoooviiiiieiiins 69



Table

4.1

4.2

4.3

4.4

4.5

5.1

5.2

5.3

5.4

X

LIST OF TABLES-CONTINUED

Number of stations monitored and hair saspbllected for three
noninvasive genetic sampling methodsghfd crossings, hair traps

and bear rubs, in Banff National Parkpekta ..........ccoovviiiiiiiine

Number of individuals detected with thremimvasive genetic
sampling methods, wildlife crossings,rhieaps and bear rubs, in

the Bow Valley of Banff National Park,b8Irta..................ccoeevviiiiiinnnns

Frequency of grizzly and black bear passagjevildlife crossing
structures by each female and male idd&ii detected from hair

samples collected in Banff National Rark..............ccccceeeiiiiininnnn.

Total minimum counts from noninvasive gensampling, model-
averaged estimates of grizzly bear pdpmriasize and proportion
of population of grizzly bears detectesthg wildlife crossings to

traverse the Trans-Canada Highway in Bidafional Park.....................

Total minimum counts from noninvasive gensampling, model-
averaged estimates of black bear pounatize and proportion of
population of black bears detected usiiidlife crossings to

traverse the Trans-Canada Highway in Biafional Park.....................

Number of black and grizzly bear migrargtedted across the
Trans-Canada Highway in Banff NationalkR&lberta using

noninvasive genetic sampling MethodS. ...

Summary information for black bears detetewildlife crossing

structures in Banff National Park, All@ert...........oovveevee e

Summary information for grizzly bears détecat wildlife crossing

structures in Banff National Park, AlBert........coovoniei e

Microsatellite variability for 113 grizzlyears and 101 black bears
detected with noninvasive genetic sangpiirethods in Banff

NALIONAI PATK ... e e

Page



Figure

2.1

2.2

2.3

2.4

3.1

3.2
3.3

3.4

3.5

4.1

4.2

4.3

4.4

Xi

LIST OF FIGURES

Page
Map showing noninvasive genetic samplinglgiarea encompassed
by the Yellowstone Cougar Project WirsRIidy area.............cccceeeeeieeeeeeeeeesieeenens 7
Hair snares versus snow tracking DNA ctibecmethods:
comparing proportions of time, cost, satple yield for data
collected in Yellowstone National Park............ccccuvviiiiiiiiiiiiiii i 7
Results of DNA amplification of hair samplepllected during
winter while snow tracking to bed or rratthair snags in
Yellowstone National Park .........co oo 10
Proportion of cougar hair samples that veéngoor, fair, or good
condition collected from beds or natunailr snags in Yellowstone
NAUONAI PAK ....eeviiiiiiiiiiie ettt e e e e e 10
Noninvasive genetic sampling locationsgiozzly and black bears
in Banff National Park, Alberta ... 61
Gender-specific per session capture prababstimates ...........cceeevveeeiiiieiiniin 62
Comparison of Huggins closed population el®df abundance........................... 63
Estimates of abundance for male and fegraely bears derived
from Pradel Robust design open populati@alels ...............ooovvvvvviiiiiiiiieeecees 64
Gender-specific per session capture préibabstimates from
Pradel Robust design open population m30de............cooeeeiiiiiiiiiiiiiiiiiieaas 70
Study area, sampling grid, and noninvagemetic sampling sites
used to investigate demographic benefitsildlife crossing
structures for bear populations in Baéwdtional Park, Alberta .......................] 061
Frequency of grizzly and black bear passageected with track
pads at wildlife crossing structures enB National Park......................ovvvieee 107
Total number of grizzly and black bear pges and individuals
detected at each wildlife crossing stiietin Banff National Park.................... 810

Total number of grizzly and black bear vndiuals detected at each
of 6 crossing structure types in Banftibiaal Park ................ccoovvviiiiiviiiiceee 109



Xii

LIST OF FIGURES-CONTINUED

Figure

4.5

5.1

5.2

5.3

5.4

5.5

5.6

Total number of grizzly bears and blackrbeketected each month
with noninvasive genetic sampling at Wiglcrossings in Banff

NALIONAI PATK ... e e

Detection centers for individual black anzly bears detected
using noninvasive genetic sampling meshadhe Bow Valley

of Banff National Park, AIDEIrta ......ccou e,

Plots of geographic distance vs geneti@dce to examine isolation
by distance patterns in black bears aratlg bears detected in the

Bow Valley of Banff National Park.............ccceeiiiiiniinieiiiiiiiiiiiiiieees

Factorial Correspondence Analysis plot shgwnultidimensional
clustering of individual black bears diéel North and South of the

Trans-Canada Highway in Banff NationalkPa..............ccccevvvvvinnnnnnnn.

Factorial Correspondence Analysis plot shgwnultidimensional
clustering of individual grizzly bearsteeted North and South of

the Trans-Canada Highway in Banff NatidPark ...

Bar graphs showing clustering of grizzlptsedetected north and

south of the Trans-Canada Highway in B&attional Park ....................

Noninvasive genetic sampling locations usedvestigate the
ability of wildlife crossing structures provide genetic connectivity
for grizzly and black bear populationghe Bow Valley of Banff

NE1iTo] b= 1 I o= U TP

Page

....... 155



Xiii

ABSTRACT

Healthy carnivore populations are important to raimng ecosystem balance,
but many species are declining globally at distghiates due to anthropogenic causes.
To effectively manage and conserve carnivores,lifglcthanagers must be able to obtain
reliable estimates of population parameters. Nasive genetic sampling (NGS)
methods such as hair or scat collection offer neevexciting alternatives to traditional
carnivore research methods involving capture, dngggand handling of animals;
however, the potential of NGS methods to answeliegphpcological questions has not
been fully realized. The main objective of my dwat research was to develop and
apply NGS methods to estimate demographic and iggreatameters for large carnivore
populations in the Rocky Mountains. First, | eld two NGS methods, hair snares
and snow tracking, for cougamyma concolorin Yellowstone National Park. |
developed a method to collect hair while followrmugar tracks in snow to bed sites and
natural hair snags (e.g. thorn bushes, branchftips) which | demonstrated that samples
collected using NGS can provide reliable informatom cougar population abundance.
Next, | compared the ability of two NGS methodsr baps and bear rub surveys, to
estimate population abundance and trend of grizzigus arcto} and black beardJ
americanu¥in Banff National Park. | found that bear rulesfprmed better than hair
traps for estimating grizzly bear abundance andifadion growth rates, whereas hair
traps worked better than bear rubs for black behtisen used NGS to examine
demographic and genetic connectivity at wildlifessing structures along the Trans-
Canada Highway that bisects Banff National Parkorhpared genetic data collected
from the bear populations surrounding the highveagidta collected at the crossing
structures using a novel hair sampling system.s Tamparison allowed me to show that
wildlife crossing structures provided demograploarectivity for bear populations and
maintained sufficient gene flow across the highweagrevent genetic isolation. In short,
| have demonstrated the power of using an arrd§G®% methods, alone or in
combination, to estimate abundance, gene flow, tgesiucture, migration, and
population growth rates for large carnivores inffeeky Mountains.
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INTRODUCTION

Carnivore species are tremendously important timtaiaing ecosystem balance,
but their populations are declining at disturbiates globally due to anthropogenic
causes. Fragmentation and overexploitation haeettl led to the extirpation of many
apex consumers (i.e. carnivores). The removadppredators has led to drastic changes
in abundance and distribution of species from lotregohic levels, often with undesirable
consequences. In order to counteract the eveeasorg pressures on Earth’s
biodiversity, humans must be able to apply our gy in creative ways to help staunch
the tragic loss of biological diversity.

Technology has played a major role in allowinguiherecedented population
growth of humans, therefore technology should plag a major role in mitigating the
negative impacts of having so many people on taeqil(7 billion and counting).
Technological advancements now allow the use ofmvasive survey methods to
estimate population parameters for rare and eluseeies without involving capture,
drugging or handling. Noninvasive genetic samp(N&S) methods such as hair and
scat collection offer many advantages over coneeatipopulation monitoring methods,
but their potential has yet to be fully realized fimost species of concern in many
geographic areas.

The primary objective of my doctoral research wagse NGS methods to
estimate demographic and genetic parameters fge lzarnivore populations in the
Rocky Mountains of the United States and Canaddnos$e three large carnivore species

for my investigation, grizzly bears/(sus arcto}, black bearsy. americanuy and
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cougars Puma concolorbased on their ecological prominence, sensitigtiiuman
disturbance and importance to regional wildlife mgers. | conducted research in two of
the world’s preeminent protected areas, Yellowstdagonal Park in the western United
States and Banff National Park in Alberta, Canaath national parks provided ideal
study sites with unhunted populations of carnivacedevelop and apply NGS methods
in relatively intact ecosystems.

The chapters in this dissertation represent aalghwogression from simple to
complex and reflect my growth as a scientist. insecond chapter, | evaluated two
NGS methods, hair snares and snow tracking, fogasun Yellowstone National Park.
This evaluation was one of the first studies te@asthe quality of NGS data using
independent data from a radio-collared populatibty. time spent in the laboratory
clipping follicles from cougar hair was challengifog me as a field scientist, but also
provided me with a solid foundation from which tarpue more advanced uses of NGS.

In my third, fourth and fifth chapters, | usedanbination of hair sampling
methods for grizzly and black bears (i.e. hair $trdpear rubs, wildlife crossings) to
evaluate demographic and genetic connectivity ktlia crossing structures in Banff
National Park. In Chapter 3, | compared the abdithair traps and bear rubs to estimate
abundance and population growth rates. In Chdptensed NGS methods to evaluate
the ability of crossing structures to provide spladind temporal connectivity for bear
populations. In Chapter 5, | used NGS to assesth&hthe Trans-Canada Highway
affects genetic structure of bear populations &otbssing structures allow sufficient

gene flow to prevent genetic isolation in two fratation-sensitive carnivore species.
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CHAPTER TWO

EVALUATION OF NONINVASIVE GENETIC SAMPLING METHODS-OR
COUGARS IN YELLOWSTONE NATIONAL PARK

Contribution of Author and Co-authors

Manuscript in Chapter 2
Author: Michael A. Sawaya

Contributions: conceived the study and figuresjgiesd methods, collected data, and
wrote the manuscript.

Co-author: Dr. Toni K. Ruth

Contributions: helped conceive the study, designethods, collected data, and wrote
the manuscript.

Co-author: Dr. Scott Creel

Contributions: helped conceive the study, designethods, and wrote the manuscript.
Co-author: Dr. Jay J. Rotella

Contributions: discussed the results and implicati@and commented on the manuscript.
Co-author: Jeffrey B. Stetz

Contributions: discussed the results and implicati@and commented on the manuscript
at all stages.

Co-author: Dr. Howard B. Quigley
Contributions: discussed the results and implicati@and commented on the manuscript.
Co-author: Dr. Steven T. Kalinowski

Contributions: discussed the results and implicati@and commented on the manuscript
at all stages.
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ABSTRACT Conventional metheds for monitoring cougar, Puma concolor, populations involve capture,
tagging, and radio-collaring, but these methods are time-consuming, expensive, and logistically challenging.
For difficult-to-study species such as cougars, noninvasive genetic sampling (NGS) may be a useful
alternative. The ability to identify individuals from samples collected through NGS methods provides
many opportunities for developing population-monitoring tools, but the utility of these survey methods is
dependent upon collection of samples and accurate genotyping of those samples. In January 2003, we
initiated a 3-yr evaluation of NGS methods for cougars using a radio-collared population in Yellowstone
National Park (YNP), USA. Our goals were to: 1) determine which DNA collection method, hair snares or
snow tracking, provided a better method for obtaining samples for genetic analysis, 2) evaluate reliability of
the genetic data derived from hair samples collected in the field, and 3) evaluate the potential of NGS for
demographic monitoring of cougar populations. Snow tracking yielded more hair samples and was more cost
effective than snagging hair with rub pads. Samples collected from bed sites and natural hair snags (e.g.,
branch tips, thorn bushes) while snow tracking accurately identified and sexed 22 individuals (9 F, 13 M).
The ratio of the count from snow tracking to the count from radio-telemetry was 15:24 in winter 2004, 13:12
in 2005, and 22:29 for both years combined. Annual capture probabilities for obtaining DNA from snow
tracking varied considerably between years for females (0.42 in 2004 and 0.88 in 2005) but were more
consistent for males (0.77 in 2004 and 0.88 in 2005). Our results indicate that snow tracking can be an
efficient, reliable NGS method for cougars in YNP and has potential for estimating demographic and genetic
parameters of other carnivore populations in similar climates. @ 2011 The Wildlife Society.

KEY WORDS cougars, genotyping errors, hair snares, individual identification, noninvasive genetic sampling, Puma
concolor, radio-collar, snow tracking, Yellowstone National Park.

Reliable information on populations is essential for success-
ful conservation and management of many wildlife species.
Carnivores such as cougars (Puma concolor) are particularly
difficult to study due to their large home ranges, low
densities, and secretive nature (Logan and Sweanor 2001).
Conventional methods for monitering cougar populations
involve capture, tagging, and radio-collaring, but these
methods are time-consuming, expensive, and logistically
challenging. For difficult-to-study species such as cougars,
noninvasive genetic sampling (NGS) may be a useful alterna-
tive. Extracted DNA from hair or scat can be used to identify

Received: 17 April 2009; Accepted: 16 September 2010

 E-mail- sawaya.mike@gmail.com
2 Present Address: Selway Institute, P.O. Box 929, 40 Heronwood Lane,
Bellevue, ID 83313, USA.

and sex individuals, estimate abundance, distribution, and
population growth rates, and examine patterns of genetic
population structure (Foran et al. 1997, Woods et al. 1999,
Mowat and Paetkau 2002, Palomares et al. 2002, Frantz et al.
2004, Long et al. 2008, Kendall et al. 2009). The ability to
identify individuals from genetic samples provides many
opportunities for developing population-monitoring tools,
but the utility of these survey methods is dependent upon the
collection of a representative sample from the population and
the accurate genotyping of those samples.

Although NGS methods are gaining popularity, problems
with sample collection and genotyping errors may be difficult
to overcome (Taberlet et al. 1999, Mills et al. 2000). Scat
sampling has been proven to be a useful method for iden-
tifying individual cougars (Ernest et al. 2000), but the merits
of hair sampling have not been fully evaluated. Hair samples
are difficult to obtain from some wild felid species (Downey

612
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etal. 2007, Ruell and Crooks 2007), but 2 collection methods
show promise: hair snares and snow tracking (McDaniel
et al. 2000, McKelvey et al. 2006, Ulizio et al. 2006).
Neither hair snares nor snow tracking has been adequately
tested for obtaining hair samples from cougars and little is
known about the effectiveness and reliability of these
methods.

Genotyping error is another problem that can exist with
noninvasively collected samples. Noninvasive samples such
as hair and scat contain low concentrations of DNA, which
can lead to errors during polymerase chain reaction (PCR)
and genotyping, particularly allelic dropout and false alleles
(Taberlet et al. 1999). These errors can be difficult to track
and quantify (Bonin et al. 2004, Broquet and Petit 2004). As
individuals are usually identified on the basis of unique,
multi-locus genotypes, genotyping errors can lead to gener-
ation of false DNA profiles and overestimation of population
size (Waits and Leberg 2000, Creel et al. 2003). Numerous
methods have been proposed to minimize and correct gen-
otyping errors in population studies (e.g., Taberlet et al.
1996, Paetkau 2003, McKelvey and Schwartz 2004,
Miquel et al. 2006, Scandura et al. 2006), but few wildlife
studies have examined the reliability of genetic data by
comparing genotypes from hair or scat samples collected
in the field with genotypes from the same individuals pro-
duced from blood or tissue samples, which have much higher
concentrations of DNA and therefore lower rates of geno-
typing errors (Bayes et al. 2000, Lathuilliere et al. 2001).
These comparisons of NGS to independent field data are
necessary to evaluate and validate the information derived
from noninvasive sampling studies (Arrendal et al. 2007).

Long-term population research on cougars in Yellowstone
National Park (YNP) provided an opportunity to evaluate
NGS methods using a radio-marked population (Ruth et al.
2003). Our goals were to: 1) determine which DNA collec-
tion method, hair snares or snow tracking, provided a better
method for obtaining hair samples for genetic analysis, 2)
evaluate the reliability of genetic data derived from hair
samples collected in the field, and 3) evaluate the potential
of NGS for demographic and genetic monitoring of cougar
populations.

STUDY AREA

We conducted NGS surveys on the Northern Range of
Yellowstone National Park (NRYNP) during winter of
2003-2005. The NRYNP is characterized by steep, rocky
slopes with primarily south and north facing aspects along
the Yellowstone River corridor. Elevations ranged from
1,500 to 3,000 m although most surveys were limited to
elevations below 2,400 m due to snow accumulation.
Vegetation consisted primarily of grasslands interspersed
with patches of Douglass fir (Pseudofsuga menziessi) and
juniper (Juniperus occidentalis; Despain 1990). This region
experienced cold, dry winters and provided habitat for many
of the Park’s ungulates, particularly elk (Cervus elaphus) and
mule deer (Odocoileus hemionus; Frank and McNaughton
1992, Singer et al. 1994). This area supported a variety of

large carnivores, which fed on the seasonal abundance of
ungulates, including cougars, grizzly bears (Ursus arctos),
black bears (U. americanus), wolves (Canis lupus), and coyotes
(C. latrans). The study area was bordered by the Absoraka-
Beartooth Wilderness Area and the Gallatin National Forest
to the north and 1 paved road along the south.

METHODS

Cougar Capture and Radio-Collaring

In 1998, Ruth (20044) initiated a study to determine the
effects of wolf reintroduction on the population of cougars on
the NRYNP. Ruth et al. (2008, 2010) captured, tagged, and
radio-collared 83 cougars to determine survival rates, habitat
use, prey selection, and predation rates following wolf rein-
troduction. Cougar capture, handling, collaring, and sexing
procedures are described in Ruth et al. (2010). December
through March, 1998 through 2005, T. Ruth (Hornocker
Wildlife Institute/Wildlife Conservation Society, unpub-
lished data) estimated the minimum number of cougars
present each winter by surveying for cougar tracks in snow
while traversing nonoverlapping transects (approx. 1,500 km
each winter) and through intensive efforts to capture cougars
(average = 226 person days/4—5 months of winter) follow-
ing Murphy (1998). Ruth et al. (2010) permanently marked
cougars with numbered colored ear tags and tattooed them
with the same number in the opposite ear (Logan and
Sweanor 2001). They pre-punched a hole in the center of
an ear using sterile procedures prior to affixing ear tags. They
macerated the removed tissue and placed it into a tube of lysis
buffer and stored it at room temperature for future genetic
analyses. Ruth also collected blood samples for use in patho-
logic and genetic studies (see Biek et al. 20064,4). When time
allowed Ruth also plucked hair from individuals captured
during the 3-yr DNA study to aid with optimization of
DNA extraction and PCR protocols. Ruth dried hair
samples and stored them in silica desiccant to prevent bac-
terial degradation (Roon et al. 2003). Ruth et al. (2010) fitted
cach cougar with a very high frequency (VHF) collar
(Telonics, Inc., Mesa, Arizona) or Global Positioning
System (GPS) collar (Televilt/TVP Positioning AB,
Lindesberg, Sweden) to obtain location and mortality data
(Ruth et al. 2010). In 2006 Ruth ceased monitoring and

removed any remaining collars.

Collection Methods

‘We synchronized the timing of hair snaring and snow track-
ing so that we could make direct comparisons of the 2 hair
collection methods. We accessed survey sites primarily by
foot and snowshoe travel from the south and west due to the
limited road access. We allocated effort differently between
the 2 collection methods across years in response to poor
performance of hair snares in year 1.

Hair snares.— We conducted hair snaring from January
through March of 2003 and 2004. We sampled in winter
to allow direct comparisons with snow tracking and because
cougar home ranges were more concentrated during this
time. We delineated a NGS study area boundary of
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Figure 1. Map showing noninvasive genetic sampling (NGS) study area (white polygon) encompassed by the Yellowstone Cougar Project (YCP) winter study
area (black polygon). Centroids for all adult cougars (= = 14) radio-located within the NGS study area during winter 2004 or 2005 are shown: closed circles
represent adult cougars we detected from hair samples collected while snow tracking (# = 12), crosses represent adult cougars we did not detect with snow
tracking (# = 2). Centroids are labeled with the animal’s individual identity (ID) for the YCP and denoted F for fernales and M for males. We did not include on
the map radio-collared cats not detected within the NGS study area during winter 2004 or 2005 (= = 5).

284 km? within the NRYNP study area based on detections
of cougars from previous winters track surveys (Fig. 1). We
deployed hair snares following the National Forest Lynx
Detection Protocol (McKelvey et al. 1999). Hair snare sites
consisted of carpet pads baited with a mixture of beaver
castorium, catnip oil, and dried catnip along with an
aluminum pie plate attached to a tree branch with wire
and swivel. The 10-cm x 10-cm carpet pads had roofing
nails driven through them to maximize collection of hair; we
nailed pads to the base of a tree at a height of 30 cm. We used
pie plates as visual attractants and carpet pads and bait to
entice animals to rub their cheeks and deposit hair on the
barbed pads. We established 5 of these stations per line
transect oriented uphill to the point of origin. We overlaid
2 3.2-km x 3.2-km point grid randomly over our study area
to determine the point of origin for transects. We used the
grid design to distribute effort across the study area and
minimize capture variation. We chose grid size based on
the Lynx Detection Protocol and the minimum winter home
range size for female cougars in our study area (McKelvey
et al. 1999).

In 2003, we deployed 73 hair snare transects consisting of 5
stations per transect. We set and maintained 365 stations
from 9 January to 19 April 2003. We re-baited all stations
at least once 10-14 days after installation and left them out
for >20 trap nights. Station set-up required approximately
90 min/transect, re-baiting took 60 min/transect, and
removal took 45 min/transect. During this first trial winter,
we spent more time and money but collected fewer samples

with hair snaring than with snow tracking (Fig. 2). Hair pad
results prompted us to allocate more time to snow tracking
during winters 2004 and 2005. In 2004, we deployed 40 hair
pad transects consisting of 5 stations per transect. We placed
snares in 10 locations frequented by cougars based on >10 yr
of radio-telemetry data (Murphy 1998, Ruth 2003). We
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Figure 2. Hair snares versus snow tracking DNA collection methods: com-
paring proportions of time, cost, and sample yield for data collected during
winter of 2003 in Yellowstone National Park, USA. We estimated time spent
and costs due to the impossibility of differentiating between overlapping
costs and time spent on the 2 methods. Expenses of $13,971.14 included
hair pad station materials and costs that overlapped between hair snares and
snow tracking such as collection materials, fuel for vehicles, stipends for 2
volunteers, and 1 graduate student salary. During the winter 2002-2003
sampling period, we placed more effort on hair snaring and less effort on
snow tracking, although we also spent more money to conduct hair snaring.
Snow tracking also yielded many more DNA samples. We compared the
estimated time spent, estimated cost, and sample yield of the 2 methods and
decided to allocate most of our effort to snow tracking for the following 2
field seasons, as it took less time, was cheaper, and yiclded more samples.
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Abstract
We evaluated the potential of two noninvasive gersgtmpling methods, hair traps and
bear rubs, to estimate population abundance and tgrizzly Ursus arcto¥ and black
bear J. americanu}¥ populations in Banff National Park, Alberta, Cdaa Using

Huggins mark-recapture models, we obtained thephexise abundance estimates for
grizzly bears (\Al =73.5, 95% CI=64-94 in 2008 =50.4, 95% CI=49-59 in 2008) and

black bears K =62.6, 95% CI=51-89 in 2008y =81.8, 95% CI=72-102 in 2008) in the
Bow Valley. Hair traps had high detection ratesfémale grizzlies, and female and
male black bears, but extremely low detection rdesale grizzlies. Conversely, bear
rubs had high detection rates for male and femaelges, but low rates for black bears.
We estimated realized population growth rates, @ambor grizzly bear males£0.94,
95% CI1=0.75-1.19) and females=0.89, 95% CI=0.67-1.20) using Pradel open
population models with 3 years of bear rub datamhda estimates are supported by
abundance estimates from combined hair trap/ hidsaHuggins closed models and are
consistent with a system that is likely driven lmgdmented high levels of human caused
mortality. Our results suggest that noninvasiveegie sampling would provide an
efficient and powerful means to monitor the effeetiess of bear management in the

Canadian Rocky Mountains.

Key-words: abundance, Banff National Park, bear rub, hair, tnegrk-recapture,

noninvasive genetic sampling, population growtle ralrsus americanus, Ursus arctos
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Introduction
Carnivore populations are disappearing globallgraincredible rate due to
anthropogenic causes [1], but dedicated monitgumograms rarely exist due to
technical, financial, and logistical constraints [£onservationists have long predicted
that major shifts in ecosystems can follow changeke abundance and distribution of
apex consumers (e.g. carnivores), but a recergweof empirical evidence sheds new
light on the critical role that consumers play ts@re the maintenance of top-down
ecological processes at every trophic level [1jm&te change further affects the
removal of top-down selective pressures [3] anderakincreasingly important for
conservation managers to be able to monitor chaingesgnivore populations and
respond to biodiversity threats accordingly [4]eliRble estimates of population
parameters such as abundance and realized populatiorth rate, lambda, are needed
for successful adaptive management of carnivoreispebut these data are difficult to
collect for secretive and wide-ranging species difi@n occur at low densities such as
grizzly (Ursus arcto} and black bears) americanus[5].

Advancements in molecular analysis techniquesigeorew cost-effective and
reliable monitoring methods that do not requireteapg or handling animals [2, 6].
DNA extracted from hair and scat samples colleatuinvasively can be used to
identify individuals and their gender. Noninvasgenetic sampling (NGS) provides an
alternative to conventional bear population moiigmethods such as biomarking, and
radio-telemetry [7]. Genetic monitoring can pravidformation on abundance,

distribution, vital rates, and genetic interchartgg, wildlife managers have at times been
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reluctant to embrace NGS methods because theglatevely new [8]. Understandably,
there has been concern that genotyping errors rmfate DNA censuses, but recent
studies show that NGS methods can provide reliabdeaccurate information on
carnivore populations [9]. Barbed wire hair traleveloped by Woods et al. [10] have
become the standard for collecting genetic datstonate bear population parameters
trend in North America [11, 12]. However, the tela strengths and weaknesses of
alternative NGS monitoring methods such as surusygg bear rubs (i.e. trees, power
poles, etc) must be evaluated before one methaahies established.

In the past 15 years, there has been a dramat&aise in research on North
American bear populations using NGS [12], but othan one study which used scat
detection dogs with limited success [13], rese&ath almost exclusively focused on hair
traps as the single DNA collection method. Numserstudies throughout North America
(e.g. [14-16]) have used barbed wire hair traps mark-recapture framework to estimate
population abundance and density for grizzly armtlbbears. Research conducted in
Glacier National Park, MT has shown that bear dgtect many grizzly bears not
detected in hair traps and the use of bear rulsfisigntly improves precision of grizzly
bear abundance estimates compared to estimatebavitiraps alone [14, 15, 17]. Stetz
et al. [18] used simulations based on empiricah l@m Glacier to demonstrate that bear
rub surveys can produce precise estimates of grpgbulation growth rate with just
several years of sampling. However, there hasoyleé a published study that has used

bear rub surveys to directly estimate abundandanoioda.
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Precise and unbiased estimates of carnivore popualabundance and lambda are
especially important to adaptive management insangth low densities and limited
reproductive capacity such as Banff National P&1KF) in Alberta, Canada which is
home to one of lowest density and slowest repradupopulations of grizzly bears in
North America [19]. Differences in density and ptgtion growth rates could greatly
affect the performance of population monitoring Inoels; therefore sampling methods
must be evaluated in different geographic areasder to gain a comprehensive
understanding of their ability to monitor wildlifeopulations under variable
environmental and demographic conditions. BNP jgi&va unique contrast to the
Northern Continental Divide Ecosystem in MT, thatcal area of focus for past research
using bear rubs [15].

Population monitoring is particularly importantnational parks such as BNP
because protected areas often serve as sourceapopsifor much larger geographic
areas [20]. BNP along with Yoho and Kootenay Nald?arks comprise the UNESCO
Rocky Mountain World Heritage Site and make updbee of the Central Rockies
Mountains. With over 4 million visitors per yeagwever, BNP is also one of the
world’s most heavily visited national parks andsthigh level of human visitation acts as
a major stressor on the ecosystem [21]. BNP hattifted grizzly bears as one of the
park’s indicators of biological integrity [22], bdespite the protections afforded by the
national park system and provincial parks in trggae, much of the habitat within the
ecosystem, including BNP, is unsecure for grizagrs [23]. Studies have shown that

human-caused mortality from highways and railwagsiicantly affects grizzly and



23
black bear survival in the Bow Valley of BNP [19]2 In June 2010, the Alberta
Provincial government listed the grizzly bear dgéatened” under the Species At Risk
Act. This move increased the prominence of BNFofmar populations in Alberta and it
added urgency to bear managers’ need for effieedtaffordable NGS methods.

To successfully manage sympatric grizzly and blaedkr populations in the face
of increasing human pressures, wildlife manageosilshunderstand the specific
performance of hair traps and bear rubs to detelctiduals and estimate demographic
parameters for both species. In many areas ohMarterica, grizzly and black bear
diets completely overlap which may lead to diremnpetition between species [25].
Intraspecific competition could strongly influenite effectiveness of different survey
methods, yet few studies (i.e. [26]) have comp®NES results from both species. NGS
studies conducted in areas with sympatric populatreadily collect hair from both
grizzly and black bears and can produce demogragstimates for both species even
though only one species, grizzly, is typically &teyl. However, black bear hair is rarely
analyzed in conjunction with grizzly bear hair dodinancial constraints and less
conservation concern for black bears in westerrtiNamerica [26].

The goal of this successful investigation wasvial@ate the relative ability of two
NGS methods, hair traps and bear rubs, to detdstiduals and estimate population
parameters for sympatric grizzly and black beampatons in the Bow Valley of BNP.
Our specific objectives were to 1) estimate thenalamce of grizzly and black bears in
the Bow Valley of BNP using hair traps and bearsiiy) compare detection rates of hair

traps and bear rubs for grizzly and black beard,3revaluate the potential for using hair
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traps and bear rubs for long-term monitoring ozt and black bear population growth
rates. This is the first study to directly estimabundance and population growth rates

using bear rub surveys.

Study Area

The flagship of Canada’s extensive national pastesy, Banff National Park (6848 kKmn
in the Central Rocky Mountains of Alberta was ekshled in 1885 making it the third
national park created in the world. Our 2246 1Bow Valley study area (BVSA) was
located approximately 120 km west of Calgary, Alageast of the Continental Divide in
the central Rocky Mountains (Figure 1). The stadga was mostly contained within
BNP, but also extended slightly into Kootenay Na#ilbPark and Alberta Provincial
lands. The lower Bow Valley is a human-dominatattlscape with the Trans-Canada
Highway, the Town of Banff with 8000 residents,df gourse, 3 ski areas, a railway,
and a secondary highway. Between 1980 and 199&n4&f the Trans-Canada Highway
were widened for safety reasons [27] and 25 wédtifossing structures were constructed
to reduce wildlife—vehicle collisions and facilgatvildlife movement across the roadway
[28].

We initially defined our study area (Figure 1)aa%4 km buffer around the 45 km
length of mitigated highway in BNP in order to assthe performance of wildlife
crossing structures for grizzly and black bearthenBow Valley [29]. We overlaid a 7 x
7 km grid, two cells deep, across our study am@aa total of 42 cells. Studies using hair

traps for grizzly bear population estimates oftempy a 7 x 7 km grid [30] to distribute
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effort across the region of interest. The orieatadf our grid was chosen to be
continuous with a larger grid used to inventorygghy bears in Alberta [31]. We
modified the study area boundary slightly to themand south of the sampling grid to
account for geographic features and minimize ggagcaclosure violation.

Detailed ecological descriptions of the study ax@abe found in Holroyd & Van
Tighem [32] and Holland & Coen [33]. The lower@s on both sides of the BVSA
were predominated by lodgepole pifenus contortaforests on glacial till terraces
while the dry open south facing slopes were dorehéaty Douglas firRseudotsuga
menzies). Fluvial bottomlands were a mix of mature whipguce Picea glaucg, dry,
open spruce forest, and moist shrubland [34]. & foods for grizzly and black bears
are bearberryArctostaphylus uva-urgihorsetails Equisetum arven$ggraminoids, and

buffaloberry Shepherdia canaden3}ig85, 36].

Methods

Ethics Statement

Our research did not involve capture or handlingmmmals, therefore did not require
approval of animal care and use procedures. Psionsfor field studies in Banff
National Park were given by Parks Canada Agencguresearch permit #BAN-2007-
999. Permissions for field studies in Alberta pnaial lands were given by the Alberta
Minister of Community Development under researame#RC-06-22.

Sampling

We used two methods, hair traps and bear rubsuc@mtly to collect hair from black
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and grizzly bears for genetic analysis. We surddyear rubs in 2006, 2007, and 2008.
We deployed hair traps in 2006 and 2008, but choséo set and maintain any hair traps
during our second field season due to the highadteffort associated with hair
trapping and the greater potential with repeateapdiag for bears to show a negative
trap response over time due to a waning interetstarscent lure [17, 37].

We placed 1 hair trap in each grid cell for eathve, 14 day sampling periods
from mid-May to mid-August in 2006 and 2008. Haaps consisted of a 25 m length of
barbed wire nailed at a height of 50 cm to a serfédsees to form an enclosure [10]. We
lured bears into the enclosure by placing 3 Ladilil scent lure poured on rotten wood
and other debris piled in the center of the enclw§lb]. The scent lure consisted of a
2:1 mix of aged cattle blood and decomposed fish\die moved traps each session to
minimize behavioral response to the lure [30]. $&ssions 1-4 in 2006, we also dragged
a burlap sack splashed with lure towards gamestiaibrder to increase the attractiveness
of the hair trap. For session 5 in 2006 and sasslieb in 2008, we hung a small cloth
doused in lure 4-5 m above the center of the magrder to increase scent dispersion
[15]. During session 5 in 2008 we also placedlas$pof anise oil on trees within each
trap site to attract bears and elicit a rubbingpoese. We chose hair trap locations
before the field season using criteria based ormgtghic Information System layers and
expert opinion. We selected hair trap locatior tere 1 km apart and in proximity to
seasonal food sources or natural travel corrid@ve. located each tragl00 m from
maintained trails, and 500 m from heavy human use areas such as campgites

collected hair samples from each barb separatel\almo collected discrete clumps of
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hair below the wire and from the lure pile. Wegald samples in paper envelopes
labeled with a uniquely numbered barcode and buewedy barb after collection to
prevent contamination between sessions [15].

We conducted bear rub surveys throughout the sitely from mid-August to mid-
October 2006, and mid-May to mid-October 2007 ad@B2 We focused our efforts on
maintained or recently unmaintained trails (<20rgea the BVSA (Figure 1). We
identified 321 bear rubs based on characteristick as smoothed bark, claw marks, and
bear paths [14]. We nailed short pieces of baviieel to the tree in a zigzag pattern,
placed unique numbered ID tags at the back of #se bf the tree, and recorded
locations with a GPS. We conducted initial surveysall trails to inspect bear rubs and
remove any hair. We then systematically surveykttals within the BVSA 2 times.
We collected hair samples from each barb and e&ehend separately; we also
collected discrete clumps of fresh (i.e. not leitl bleached) hair from the bark of the
tree.

We collected hair from 20 of 25 wildlife crossisguctures along the TCH by
stretching two lengths of barbed wire perpendictdahe line of movement in order to
snag hair from passing bears [38]. Finally, wdemtéd hair opportunistically from
various bear management actions, such as during calfaring efforts and necropsies.

Genetic Analysis

We stored hair samples at room temperature oragiésiccant. Samples were analyzed
at Wildlife Genetics International (Nelson, BritiSlolumbia), a lab that specializes in

analysis of noninvasive genetic samples. The $aal yrotocols for DNA extraction and
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microsatellite analysis of samples detailed in Rae{39] and validated in Kendall et
al.[15]. All DNA extraction was performed usingAEN’s DNeasy Tissue Kit
(Qiagen, Valencia, CA). We extracted DNA fromsdimples with 1 guard hair follicle
or 5 underfur hairs, using up to 10 guard hairt©witderfur when available. We used
seven microsatellite loci developed by Paetkad. ¢4@] that have become standard for
individual identification of grizzly bears in theoBky Mountains: G10J, G1A, G10B,
G1D, G10H, G10M, and G10P.

Mark-recapture estimates can be biased by low ptwaistinguish individuals
(i.e. shadow effect) and genotyping errors suchllatic dropout and false alleles that
result in the creation of false individuals [41-43)e therefore used variable markers
and genotyping error and removal procedures deedlby Paetkau [39]. Because we
were interested in both species, we chose a proee¢ldat allowed us to obtain black bear
results in addition to grizzly without adding anybstantial costs. For most bear projects
in western North America, samples that were extchetre first analyzed at the G10J
locus, which has a high amplification success aatdis diagnostic between grizzly and
black bears in the region [15]. Instead, we attexchjall 7 microsatellite loci for all hair
samples for which we were able to extract DNA. &¥eluded samples from further
analysis that produced high confidence results®markers. For the samples that
produced 3-5 locus genotypes on the first passevamalyzed the markers, but excluded
samples from further analysis if they failed on seeond pass. Once we had complete 7-
locus genotypes, we began the error-checking andval process by identifying pairs of

genotypes that mismatched by one or two loci, amal warning sign that a genotyping
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error occurred [39, 44]. We scrutinized the restribm any pairs of samples that
differed by one or two loci and re-analyzed lociilnwe had consensus genotypes. Once
we had complete multi-locus genotypes, we analyizbdamples from each individual
for gender using amelogenin [45, 46]. We used GERDA[47] to calculate marker
power. We calculated expected allele frequeneigsected heterozygosity {Ki
observed heterozygosity {}the probability of identity (iB) that two randomly drawn
individuals would share the same multi-locus gepetgnd the probability that full
siblings would have identical multi-locus genotygEess).

We analyzed all hair samples with adequate genaierial in 2006, but due to
budget constraints, we subsampled bear rub sanmp&&9)7 and both bear rub and hair
trap samples in 2008. In 2007 and 2008 we gendtgpe sample from each bear rub
per sampling event (~50% of samples). For hairstra2008, we tried to fit the
subselection rules to the budget, with a goal afaexing 50% of the samples.

Population Abundance

We used data from our three sampling methods imat superpopulation abundance of

grizzly and black bears in the BVSA during 2006 @0088. We used hair samples

collected from multiple methods (i.e. hair trapsabrubs, and wildlife crossing

structures) to increase sampling coverage and megoeecision of abundance estimates

[17]. We compiled individual bear encounter higsifor each species for each year and

analyzed them using Huggins [48] closed populatimdels in program MARK [49, 50].
Our candidate models included gender as a grougriede and hair trap effort

(HTE), bear rub effort (BRE), crossing structurtodf(CSE), and distance to edge
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(DTE) as individual-level covariates to model captprobability heterogeneity [37]. We
created minimum convex polygons (MCP) for eachvimtlial using all available location
data including data points not used in our abunel@stimates from 176 bear rubs
outside the study area. We used centroids of MGRpproximate bear detection centers
for 45% of black bears and 78% of grizzly beatg,then <3 points were available; we
calculated the average of 2 points or used 1 pde. calculated DTE as the distance
from the edge of the grid to each individual's egantative home range center. We
calculated the gender-specific mean maximum distamaved (MMDM) by taking the
average of the furthest distance between any a2gtoneach individual (black bear
F=8.2 km, M=13.5 km; grizzly bear F=14.3 km, M=28rh). We then buffered each
individual's detection center by the MMDM and ¥2 MWD We calculated method-
specific sampling effort covariates by summingnhenber of hair traps (HTE), bear rub
days (BRE), and crossing structures (CSE) that veeaged within each bear’s idealized
home range for each session. We used Akaike Irgfbom Criteria for small samples
sizes (AICc) to evaluate relative support for cdatie models. We used model averaged
estimates of derived parameters to account for fremdection uncertainty [51].

We explored whether we could use hair trap-onligear rub-only data to produce
CMR estimates of abundance by comparing them tommgtels using the combined data
set using hair traps, bear rubs, and other methdéiscompared abundance estimates for
grizzly bears from models using bear rub-only, lx@p-only and combined data. We
compared hair trap-only abundance estimates fakbdaars with estimates from models

using the combined data set.
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Population Trend

We used Pradel [52] open population models to edémealized population growth rates
() and apparent survival ) for grizzly bears in the BVSA. We compiled enatar
histories using bear rub data collected in 2006,726nd 2008. We analyzed encounter
histories using robust design models in program MAJR treating years as primary
occasions and sampling sessions as secondary @ts§SB]. The robust design uses
Huggins [48] closed capture models within an opedlehto estimate abundance for
each year as well as annual population growth @tesss primary time intervals [53].
We used gender as a group and BRE and DTE asdodivcovariates. We assessed the

fit of our models with the bootstrap goodness-btdst in MARK.

Results
Sampling
We established hair traps from 25 May - 9 Augu€itz@nd 28 May - August 2008.
During five 14-day session& E£13.8 days, SD=1.0 in 200&,=14.0 days, SD=0.7 in
2008), we collected 884 hair samples from 47% @&f 2aps in 2006 and 1125 samples
from 53% of 210 traps in 2008 (Table 1; Figure WJe surveyed bear rubs from 10
September - 21 October 2006, 3 June - 27 Octoli®&f, 20hd 28 May — 27 October 2008.
We monitored 284 bear rubs in 2006 and 321 bea iruB007 and 313 in 2008.

We collected 2910 hair samples from 38.4.0% o 1ial2006, 59.5% of rubs in
2007, and 556.2% of rubs in 2008 (Table 2). Wéect#d hair from 78% of all bear rubs

monitored (n=321) over the 3 year period (Figure We obtained DNA samples (tissue
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or hair) from bear management actions and wildifessings in the BVSA between 15
May — 18 October 2006, 22 April — 29 October 208 22 April-18 October 2008.
We collected 348 samples in 2006, 416 in 2007 ,5&3in 2008.

Genetic Analysis

We calculated marker power using data from 80 grizears and 85 black bears
identified from hair and tissue samples collecte@NP, including individuals detected
outside the study area. Marker power was higlgfazly and black bears using the
same seven loci for individual identification (Tal$1). Mean klacross loci was higher
for black bears (0.85) than for grizzly bears (0.7¥he mean number of alleles per locus
was also higher for black bears (10.3) than fazajies (7.3). ) was 2.3 10E-8 for
grizzly bears and 1 10E-9 for black bearggPwas 0.0013 for grizzly bears and 0.0007
for black bears (Table S1). We assumed our findtilocus dataset was error free based
on our mismatch distributions and lack of any 2 ¢dcus mismatches. As part of
another study which is not reported here for the sd brevity, we ran 13 additional
microsatellite loci on each individual and thesdiadnal loci concurred with our
individual identifications from our original 7 loswgenotypes providing further evidence
of an error free dataset.

Of the 6236 samples we collected over the 3 yeayswe extracted DNA and
attempted genetic analysis on 76.0% (n=4741). W¥eeanalyzed all of the bear rub
samples in 2006, we found that we detected >1 iddal on a bear rub during a
sampling period <5% of the time. Based on theseltg in 2007 and 2008, we

genotyped 1 sample from each bear rub per samgliegt (~50% of samples). For hair
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traps in 2008, we extracted 51.0% of 1125 samplés.obtained individual identities
(ID) for 46.4% of all hair trap samples (n=2009;&% in 2006 and 42.2% in 2008). Of
the 2910 bear rub samples, we obtained IDs for02gr8-779, 62.5% in 2006, 23.0% in
2007, and 19.0% in 2008). Of the 932 samplesgiatuced multi-locus genotypes from
hair traps, 43.6% came from black bears (n=400)>4d% came from grizzlies
(n=517). Of the 779 bear rub samples that produwati-locus genotypes, 94.5% came
from grizzly bears (n=736) and 5.5% came from blae&rs (n=43).

We identified a total of 80 unique grizzly beansl&85 black bears from multi-locus
genotypes across all methods and years. Genetigsesof samples collected at hair
traps identified 31 grizzly bears and 40 black bear2006 and 29 grizzlies and 57 black
bears in 2008 (Table 1). From bear rub samplesderified 40 grizzlies and 2 black
bears in 2006, 46 grizzlies and 11 black bear®0v2and 43 grizzlies and 6 black bears
in 2008 (Table 2). During the two years that wadiected hair trap and bear rub
sampling simultaneously, we identified the majoatyndividual grizzly bears with bear
rubs trees, 75.5% in 2006 and 91.5% in 2008, amdni#jority of black bear individuals
with hair traps, 100% in 2006 and 96.6% in 200&(&&8). We identified 58% of
grizzly bears at hair traps in 2006 and 61.7 in800nly 5% of black bears were
detected with bear rubs in 2006 and only 10.290@82 We identified 11 grizzlies (6 M,
5 F) at wildlife crossings in 2006, 12 (6 M, 6F)2807, and 10 (5 M, 5F) in 2008. We
also identified 11 black bears (7 M, 4 F) in 20864 M, 4F) in 2007, and 9 (4 M, 5, F)
in 2008. Of the bears detected at wildlife crogsjrwe identified some bears that were

undetected with hair traps or bear rubs, includihgrizzlies (1 M, 3 F) in 2006, 3 (1 M,
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2F)in2007 and 1 (1 M, 0 F) in 2008, and 3 blaekrs (3 M, 0 F) in 2006, 7 (3 M, 4 F)
in 2007, and 4 (2 M, 2 F) in 2008.

Population Abundance

Our best supported models for grizzly bear abunel@aced by sex and time in both
years and contained covariates for DTE,CSE and BR¥P06 and DTE, CSE, BRE, and
HTE in 2008 (Table S2). We estimated grizzly bdamalance in the BVSA to be 73.5
(95% CI1=64-94) in 2006 and 50.4 (95% CI=49-59) @9& (Table 4). Our estimated per-
session capture probabilities for males were higfien females at bear rubs, but lower at
hair traps (Figure 2A,C). High detection rategotzly bears at bear rubs allowed us to
produce precise mark-recapture estimates of abwedasing bear rub data alone.
Abundance estimates for grizzly bears derived fomar rub-only models were more
similar to models using combined data from rubgyéair traps, and other methods than
were hair trap-only estimates (Figure 3A).

Our best supported models for black bears varyeskls and time, and contained
covariates for DTE and HTE in 2006 and 2008 (T&38& We estimated black bear
abundance at 62.6 (95% CI=51-89) in 2006 and &58(CI=72-102) in 2008 (Table 5).
Our estimated capture probabilities for female blagars were higher than males at hair
traps (Figure 2B), but lower at bear rubs. Pesisesmodel averaged capture probability
estimates for black bears at bear rubs were extydme so we collapsed sessions into

one per year p=0.02, SE=0.02 for males and females in 20§6:0.07, SE=0.03 for

males and females in 2008) in our joint datasetet®dEstimates for black bears derived

from hair trap-only models were comparable to medesing combined data from bear
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rub trees, hair traps, and other methods (Figuje 3B

Population Trend

The most supported models foand varied by sex and contained individual covariates
for DTE and BRE (Table S4). Time varying models favere not considered due to
grizzly bear life history and the short study dimat Time-invariant models were
constrained to produce a singlestimate for males and females between the time
intervals 2006-2007 and 2007-2008, therefore wg présent one lambda estimate for
each sex. Our model averageeéstimates for grizzly bears with three years of beb

data in the BVSA were 0.94 for males and 0.89 éondles (Table 6) and both
confidence intervals for males and females oveddphO (C1=0.75-1.19 and 0.67-1.20,
respectively). Per session model averaged captot®bility estimates from the Pradel
[52] model were generally lower for females thanrfales, except during sessions 2 and
5in 2007, and 4, 5 and 6 in 2008 (Figure S1). daiéved precise abundance estimates
(CV<20%, [54]) from robust design models for 202607, and 2008 (Figure 4). Results
of the bootstrap goodness-of-fit test suggesteladcioof fit for the general model to our

data (200 simulations; P>0.4). We therefore assumseoverdispersion in our data.

Discussion

Estimating demographic parameters for carnivoreufaons in protected areas such as
BNP is essential for effective management and goatien. We conducted the first
detailed evaluation of hair traps and bear rubsdiog-term monitoring of the sympatric

grizzly and black bear populations in BNP. Althbwgudies have reported abundance



36
measures of grizzly and black bears in the Boweayatif BNP [34,55,56], we produced
the first rigorous abundance estimates with comitgentervals for grizzly and black
bear populations based on DNA-based mark-recaptetbods. We demonstrated that
bear rubs have higher detection rates than hais fiar grizzly bears and low detection
rates for black bears in BNP. We also providedidgogh evidence (<1) that the grizzly
bear population may be declining in the Bow Valley.
Sampling
Detection rates from the two NGS methods were iadht different for grizzly and
black bears in the BVSA (Table 3). Hair traps hagh detection rates for grizzly bear
females as well as both male and female black pbat®xtremely low capture
probabilities for male grizzlies (Figure 2A, B).e& rubs detected many grizzly bears
that were not detected at hair traps, but detecteglfew black bears (Figure 2C).
Competition has been well-documented between gremadl black bears in North
America and is the result of almost complete dietaerlap in some regions [25]. Black
bears may avoid rub trees in BNP due to intersjgecsimpetition or because rubbing
behavior is less advantageous to them compareulzidigs in the region for some other
ecological reason (e.g., fewer ecto-parasitesimited food resources in BNP resulting in
some of the lowest grizzly bear densities in Ndtherica [19] could explain the
relatively high detection rates of grizzlies on twdes if rubbing behavior is density
dependent. Where grizzly bear density is low amthdnranges are large such as in BNP,

individual bears could be more detectable with lbelarsurveys than in areas with much
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higher grizzly bear densities and smaller home earsgich as Glacier National Park, MT,
USA [14, 15].

Genetic Analysis

Well-thought sub-sampling can greatly reduce amalyssts while maintaining data
integrity by selectively targeting the best sampégextraction and thus the most likely
samples to produce individual identities. Whenanalyzed all of the bear rub samples
in 2006, we found that we detected >1 individuabamb tree during a sampling period
<5% of the time so in 2007 and 2008 we subsampje@tly reducing the number of
duplicate samples from the same individuals in tamé space while likely missing only
a few individuals. For hair traps in 2008, we caragy close to our subsampling criteria
(50.0%) with an extraction rate of 51.0%.

Genetic analysis was facilitated and expediteditmultaneously analyzing
grizzly and black bear samples to obtain individla. The seven microsatellite
markers we used to determine individual IDs hadh fpgwer to distinguish individuals
for both grizzly and black bears (Table S1). Thepprtional cost of obtaining black
bear data in addition to grizzly bear data is mwih our analysis approach, especially
considering that all time, labor, and equipmentsassociated with field collection of
hair samples will be paid for (along with DNA exiti@n) regardless of whether or not
individual ID analysis for black bears is performed

Population Abundance

Combining bear rubs and hair traps with other DMApling methods allowed us to

produce precise abundance estimates for grizziysi{@able 4, CVs<16%) in a relatively
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small study area with little geographic closureur @sues with geographic closure were
most likely minimized due to our high sampling imééty, and the combination of NGS
methods providing greater sampling coverage [1F, ®&Ur use of DTE and other
individual covariates allowed us to model indiviloapture heterogeneity, resulting in
robust estimates of superpopulation abundancesgg7,Because our objectives were not
to produce density estimates or to correct popratistimates for closure, we chose to
present superpopulation size estimates to allownfane direct comparisons between

sampling methods. Not surprisingly, our estimategrizzly bear density based on

D= N/A were similar to density estimates based on ragl@ietry data (1.2-1.6 bears/
100 knf; [55]), but meaningful comparisons are difficultadto differences in study area
and methodology.

The higher precision of estimates produced faraljgs in 2008 compared to
2006 (Table 4) can most likely be explained byraykr bear rub survey season with
more sampling sessions coupled with higher caggtobkabilities at hair traps (Figure
2A). We believe that capture probabilities werghleir for grizzly bears at hair traps in
2008 than 2006 due to our greater knowledge oatba based on hair trap success in the
first year and a more adaptive approach to sieceh. In addition to the measures we
described above to increase capture probabildiesng session 5 in 2008 we also used
anise oil to further entice bears to enter hapgraWe detected noticeably more female
grizzlies in Session 5 than in any other sessid@0W6 or 2008 (Table 1), which leads us

to conclude the anise oil may have been an attratagemale grizzly bears and initiated
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a rubbing response. As suggested by Stetz et&}l.|[quid scent lures used with bear
rub surveys could increase capture probabilitiestaair use should be explored.

Our efforts to maximize detection rates appedrawee been successful, but it is
remarkable that we achieved such high capture piliices for female grizzly bears in
2008 and that they were so much higher than in ZB@fure 2A). Kendall et al. [15]
showed that subadults and dependent offspringetexigtd with hair traps and bear rubs.
In an area like BNP, where the age to independen2&-5.5 years [19] and the seasonal
food availability so variable, it is possible tllagre were more dependent juveniles
traveling with their mothers in 2006 than in 20@8Bhanges in the proportion of females
with dependent offspring and/or annual fluctuationBod availability could explain
variation in detection probabilities such as thesen in our study.

Capture probabilities for male grizzlies at haaps were very low relative to
females in 2006 and 2008 (Figure 2a). Other stulkiéye documented higher capture
probabilities for females than males at hair trdgos this discrepancy is surprising
because research has shown that males typicalbuater more hair traps than females
[37]. Hair trap sampling was conducted in largegto the north and south of the
BVSA in 2005 and 2006, respectively [31], so iplausible that a high proportion of
male grizzly bears had already encountered hastfar been captured) in previous
years and were therefore less likely to enter trbosure to investigate the lure [37, 59].

Per session bear rub capture probabilities otlyrizears were lower for females
than males early in the year, but became higher iiiles as the season progressed

(Figure 2C). The same pattern of increasing feroapgure probabilities has been
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documented by Kendall et al. [14, 15], but theyuwdoented that male capture
probabilities also increased over time. Surprisinge were able to obtain abundance
estimates from bear rub data alone that were cabfsin magnitude and precision to
our best estimates using the combined hair mettiatisset (Figure 3A). We compared
hair trap-only estimates with bear rub-only estesdtecause bear population estimates
based on hair traps alone have become the conuwantrmuch of North America [11,
12]. In general our estimates using bear rub-daka were more accurate and precise
than hair trap-only estimates as judged by compahem to the estimates from the
combined data set. The single bear rub-only eséinvlich was imprecise (CV>20%)
was for females in 2006. Based on the capturegimtities we achieved with bear rubs
in 2006, we attribute the imprecision of the 2086meate for females to a late sampling
season and only two sampling sessions as compathd subsequent years. Our hair
trap-only estimates were imprecise for males, aafpgn 2006 due to extremely low

capture probabilities ) <10%). The results from our comparison of estimatging

different data types support the findings of ottesearchers that combining sampling
methods increases precision [14, 15, 17, 60]. r@sults also suggest that bear rub-only
abundance estimates can be comparable to thodaaibtesing both hair traps and bear
rubs combined in some populations.

Even though our grid cell size was tailored todkierage home range size of
grizzly bear females [30], we were able to obtarcse estimates (CV<20%) for black
bears in both 2006 and 2008. Bear rubs did nosaudficantly to the number of black

bears we detected in 2006 or 2008 (Table 3). As hd capture probabilities were so
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low for black bears, we attribute the precisioof estimates to the relatively high
capture probabilities at hair traps (Figure 2Bgr Session capture probabilities at hair
traps were higher for females than for males imlyetars. It appears that there is a
decline in capture probabilities through time fothbyears, but a distinct increase for
both males and females in session 5 of 2006. arosnaly could be attributed to our use
of the hanging lure-soaked rag as session 5 wasnllgesession where it was used in
2006 and the pattern holds true for male and feplalek bears during this last session.
Combining bear rubs and hair traps did not impraweprecision much over estimates
for black bears using hair trap-only datasets (l|@@B). Our hair trap-only point
estimates and measures of precision are compdmble estimates using a combined
dataset, suggesting that wildlife managers intecest monitoring black bears in BNP
should consider the use of hair traps, rather bean rub surveys since the latter provides
little additional precision while increasing lalemd costs.

Population Trend

Using a Pradel [52] open population model with 8rgeof bear rub data, we were able to
obtain precise estimates for male and female grizzly bears irBY8A (Table 6). Our
estimates of lambda#£ 0.94, SE=0.11 for males and0.89, SE=0.13 for females) and
our decreasing annual abundance estimates sufgeghe grizzly bear population was
declining in the BVSA between 2006 and 2008.

We recognize that inferences from our resultsardy be taken so far with such a
small study area and limited time frame. For exi@mpur lambda estimates could be

driven solely by annual fluctuations in food avhildy or patterns of reproduction.
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McCall [61] found that black bear population dynasin northern Idaho were driven by
changes in berry productivity. Similarly, exteressimovements of grizzly bears into the
Bow Valley in years of good buffaloberry productioave been documented [55].
Although annual fluctuations in berry productiorulmbinfluence our results, an
examination of berry productivity data collectedBNP between 2006-2010 [62] shows
no correlation between good berry years and thebeuwf bears detected in the BVSA.
Regardless of the limitations to identifying drigdor lambda estimates, an undeniable
downward population trend exists in bear rub-oflyredance estimates for male and
female grizzlies across the 3 years of our studyufieé 4). This trend was also apparent
in the abundance estimates for 2006 and 2008 fraggiis closed models (Table 4).

Although our objective of estimating lambda usopgn models was to examine
the feasibility of using bear rub data for longategrizzly bear population monitoring in
BNP, we were able to obtain empirical evidence sstigg that the grizzly bear
population was declining in the Bow Valley duringrstudy. Garshelis et al. [19]
determined that the grizzly bear population in BhM#S slightly increasing while also
being the slowest reproducing grizzly bear popafatiet studied at the time of their
research. They estimated lambda for grizzly béar$.04, 95% CI=0.99-1.09) using
Leslie matrices, but concluded that if even 1 nracBomarked female on average per
year had been killed during their study that thpydation would have declined. The
decline that we detected was not surprising ags adgwitality remains high for both black
and grizzly bears in BNP [63, 64] and studies hehvawvn that grizzly bear population

growth rates are most sensitive to changes in &eslulhle mortality [55, 65]. Our lambda
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estimates show concordance with previous reseagdesting that the Bow Valley may
act as an attractive sink for grizzly bears in@satral Rocky Mountains [66-68], but
these findings should be confirmed with long-termnitoring across a much larger
geographic area.

Our results suggest that bear rubs can providdfanent, reliable method for
long-term monitoring of grizzly bear populationg tGentral Rocky Mountains that may
provide insights into drivers of population dynamidur results support previous
research [18, 69] showing that DNA mark-recaptusthmds are able to precisely
estimate grizzly bear population growth rates. Waee shown that bear rubs surveys in
BNP can be efficient through subsampling to redutaysis costs and by partnering
with existing Parks Canada staff and Citizen Seérblunteer program to reduce labor
costs. Bear rub surveys also require no luregtbes have no trap response and far less
safety concerns associated with them compareditéaraps. These characteristics make
bear rub surveys particularly well-suited for lotegm grizzly bear monitoring programs
in human-dominated landscapes such as BNP. Wereead that the spatial and
temporal scale of grizzly bear monitoring be exthds much as possible to avoid issues
of closure and to be able to link changes in deayaigcs to ultimate drivers of
population growth in the region [58]. Use of abance data to determine extinction risk
for wildlife populations often fails to detect i@t declines or is prone to high rates of
error [70]. However, our results demonstrate timatinvasive genetic sampling can
produce precise estimates of population abundamt¢¢rand, therefore reducing some of

the uncertainty when classifying extinction risk éarnivore species.
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Figure Legends

Figure 1. Noninvasive genetic sampling locations for grizzlgnd black bears in
Banff National Park, Alberta, Canada. Locations of 420 hair traps, 321 bear rubs and
20 wildlife crossings, monitored in the Bow Vall8yudy Area (BVSA) between 21

April and 31 October of 2006-2008.

Figure 2. Gender-specific per session grizzly and black beamapture probability
estimates Capture probabilities from (A) grizzly bearshair traps, (B) black bears at
hair traps, and (C) grizzly bears at bear rubsiénBow Valley Study Area of Banff
National Park. We derived model-averaged estinfab@s population models for grizzly
bears (Table S2) and black bears (Table S3). Bars represent model averaged

estimates of Standard Error.

Figure 3: Comparison of Huggins closed population models obbandance. Estimates
for (A) grizzly bears and (B) black bears in thenBgalley Study Area of Banff National
Park using data from two noninvasive genetic samypiethods, hair traps and bear
rubs. Models were created with different datagédshair trap-only, (2) combined bear
rub and hair trap, and (3) bear rub-only. We aworesed hair trap-only and bear rub-only
models with the same structure and covariates (M, and BRE) as models using the
combined sampling methods. The combined modelsded data from a third DNA

sampling method (i.e. bear management actionsl|ifgilcrossings). We did not create
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bear rub-only models for black bears due to thedapture probability estimates of black

bears at bear rubs. Error bars represent modedgee estimates of Standard Error.

Figure 4: Estimates of abundance for male and female grizzlyears derived from
Pradel Robust design open population modelsEstimates were obtained using three
years of bear rub data collected in the Bow Va8éydy Area of Banff National Park,
Alberta, Canada, from 2006 - 2008. We derived rhaderaged estimates from most
supported models in Table S4. Error bars reprasedel averaged estimates of

Standard Error.
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Table 1.Bear hair trap results from the Bow Valley Studgdin Banff National Park, Alberta, Canada; wedtared
hair trapping 25 May — 16 August 2006 and 28 MdB-August 2008 for 5, 14-day sessibper year.

Grizzly bears Black bears
% traps with  Hair samples/ rap Total no. No. new No. unique No. new No. unique

Year Sessio Install dates No.traps 1 hairsample Mean SC  hair samples F M F M F M F M
2006 1 25 May -3 Jun 42 59.5 9.7 8.9 243 4 4 4 4 11 9 11 9

2 7-17Jun 42 52.4 8.0 7.6 177 3 2 4 4 5 0 6 4

3 21 Jun -1 Jul 43 37.2 9.1 6.9 146 6 2 9 2 2 1 4 2

4 5-18 Jul 43 41.9 89 9.4 160 0 6 3 7 1 1 3 1

5 19 Jul- 2 Aug 40 45.0 8.8 6.7 158 2 2 3 3 5 5 9 6
Total 210 884 15 16 24 16
Mean 420 47.2 8.9 7.9 176.8 3.0 3.2 4.6 4.0 4.8 3.2 6.6 4.4
2008 1 28 May - 6 Jun 42 45.2 6.3 5.6 120 3 3 3 3 10 5 10 5

2 10-23Jun 42 59.5 12.2 12.8 305 2 3 5 3 18 9 21 1C

3 24 Jun - 8 Jul 42 59.5 9.5 8.7 238 10 3 14 5 4 3 10 9

4 8 Jul - 22 Jul 42 45.2 9.3 9.9 177 2 1 6 4 3 2 11 3

5 22 Jul -5 Aug 42 59.5 114 104 285 0 2 16 4 3 0 8 5
Total 210 1125 17 12 38 19
Mean 420 53.8 9.8 9.5 225.0 3.4 2.4 8.8 3.8 7.6 38 120 64

8% =13.8 days, SD=1.0 in 2006 axd=14.0 days, SD=0.7 in 2007.
P Of those hair traps that had bear hair sample.



Table 2.Bear rub survey results from the Bow Valley Stédga in Banff National Park, Alberta, Canada; waduacted
bear rub surveys from 10 Sept — 21 Oct 2006, 3-J2in Oct 2007 and 28 May — 27 Oct 2008.

No. hair samples/ Grizzly bears Black bears
No. rubs with  rub/ session Total no. No. new No. unique No. new No. unique
Year Sessiol Surwey dateS No. rubs” 1sample  Mean SD BRE" hair samples F M F M F M F M
2006 1 10 - 30 Sept 190 67 3.7 2.4 5938 249 12 20 12 20 0 1 0 1
2 1-21 Oct 276 51 31 21 7652 159 3 5 6 14 1 0 1 0
Total 284 13590 408 15 25 1 1
Mean 233.0 59.0 34 23 6795.0 204.0 75 125 90 170 05 055 005
2007 1 3-23Jun 190 76 35 25 3392 265 0 14 0 14 0 0 0 0
2 24 Jun - 14 Jul 238 82 31 2.0 4783 253 7 5 7 11 1 2 1 2
3 15 Jul - 4 Aug 281 67 34 25 6068 231 4 4 5 14 0 4 1 4
4 5-25Aug 305 58 2.7 1.8 6479 154 2 3 4 14 1 0 1 0
5 26 Aug-15Se 311 42 2.4 1.6 6710 102 2 2 7 7 0 2 0 2
6 16 Sep - 6 Oct 304 53 2.3 15 6248 122 1 1 5 11 0 1 0 ”
7 7 - 27 Oct 244 31 3.0 2.3 5387 94 0 1 2 10 0 0 0 (
Total 321 39067 1221 16 30 2 9
Mean 267.6 58.4 29 2.0 5581.0 174.4 2.3 4.3 43 116 03 134 014
2008 1 28May-22Ju 116 37 5.7 4.1 1676 212 0 7 0 7 0 1 0 1
2 23 Jun - 22 Jul 213 84 4.0 2.8 6718 333 4 7 4 13 2 0 2 1
3 23Jul-23Aug 259 74 3.8 2.4 8181 282 4 4 6 13 0 0 1 1
4 24 Aug - 13 Se 285 72 35 2.4 7186 249 6 6 11 14 2 1 2 2
5 14 Sep - 4 Oct 281 60 2.6 16 6125 156 4 0 10 6 0 0 2 2
6 5-27 Oct 221 20 25 15 4959 49 1 0 7 5 0 0 0 0
Total 313 34845 1281 19 24 4 2
Mean 229.2 57.8 3.7 25 5807.5 2135 3.2 4.0 6.3 9.7 0.7 0.3 122

@Bear rubs were surveyed every 14-21 days.
PBear rubs were surveyed multiple times per yearefiore the totals do no sum as each bear rub migsounted once per
session or year.

¢Of those bear rub visits that hatl bear hair sample.

9Bear rub effort (BRE) is the cumulative no. of dégsween hair collections for each bear rub treepsed/ session.
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Table 3.Number and proportion of individual grizzly anchtk bears identified per
noninvasive genetic sampling method during 200620@8 in the Bow Valley Study

Area of Banff National Park, Alberta, Canada.

2006 2008
Sampling Method M F M F
n % n % n % n %
Grizzly bears
Hair traps-only 6 194 7 318 1 40 3 136
Bear rubs-only 15 484 7 318 13 520 5 227
Both methods 10 323 8 364 11 440 14 636
Total 31 22 25 22
Black bears
Hair traps-only 15 938 23 958 18 90.0 35 89.7
Bear rubs-only 0O 00 O 00 1 50 1 26
Both methods 1 63 1 42 1 50 3 77
Total 16 24 20 39

* Total counts only include bears detected witlr @ps or bear rubs, therefore
they are <min counts which include bears detewi#itd other methods.
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Table 4. Total minimum counts and model-averaged estimaftgsizzly bear abundance
in the Bow Valley Study Area of Banff National Padberta, Canada, in 2006 and
2008.

95% CiI
Parameter Min. Count Estimate SE CV (%) Lower  Upper
2006

M 32 39.9 4.7 119 35 55

F 25 33.6 53 159 28 51

Pooled 57 73.5 7.2 9.7 64 94
2008

M 26 28.1 2.1 7.6 26 37

F 22 22.3 0.6 2.7 22 26

Pooled 48 50.4 2.2 4.4 49 59
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Table 5. Total minimum counts and model-averaged estimateétack bear abundance
in the Bow Valley Study Area of Banff National Padberta, Canada, in 2006 and

2008.
95% CI
Parameter Min. Count Estimate SE CV (%) Lower  Upper
2006
M 19 30.2 7.3 241 23 55
F 24 32.3 4.9 15.2 27 48
Pooled 43 62.6 9.0 14.4 51 89
2008
M 22 28.3 4.1 14.5 24 42
F 41 53.5 57 10.7 46 70
Pooled 63 81.8 7.2 8.8 72 102

13 black bear samples from 6 hair traps were nalyaed in 2006.
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Table 6. Estimates of realized population growth rateand apparent survival, from
Pradel open population models for grizzly bearhenBow Valley Study Area of Banff

National Park, Alberta, Canada between 2006 an&,2mpled using bear rub tree
surveys.

95% CI
Parameter Estimate SE CV (%) Lower  Upper

M 0.94 011 118 0.75 1.19
F 0.89 013 149 0.67 1.20
M 0.69 0.07 10.7 0.53 0.81
F 0.76 0.09 118 0.55 0.89

* OQur models did not vary with time therefore th@pduced identical lambda
estimates for 2006-2007 and 2007-2008.
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Supporting Information

Figure Legends

Figure S1 Gender-specific per session capture probability eshates from Pradel
Robust design open population modelsEstimates obtained using bear rub data
collected in the Bow Valley Study Area of Banff Maial Park, Alberta, Canada, from
2006 - 2008. We derived model averaged capturegimibty estimates from most
supported models in Table S4. Bear rub effort (BR&s the cumulative number of days
between successive hair collections summed ovéeall rubs sampled per session:
values were divided by 10,000 to standardize ttesufey axis. Error bars represent

model averaged estimates of Standard Error.



Tables

66

Table S1.Microsatellite marker variability for determinimgdividual identity of
grizzly (n=80) and black bears (n=85) from DNA sa&asyrollected from hair traps, bear
rubs, wildlife crossings and management actionsuthinout Banff National Park,

Alberta, Canada from May 2006 — October 2008.

Grizzly bears Black bears

Marker He Ho A Pio Psie He Ho A Pip Psis
GlA 0.70 0.69 6 0.08 0.38 0.76 0.73 12 0.04 0.33
G1D 0.82 0.85 10 0.13 0.43 0.81 0.82 9 0.09 0.39
G10B 0.83 0.81 9 0.05 0.35 0.80 0.78 7 0.07 0.37
G10H 0.80 0.80 8 0.06 0.35 0.88 0.94 10 0.06 0.36
G10J 0.79 0.80 6 0.06 0.37 0.85 0.87 14 0.02 0.32
G10M 0.75 0.78 6 0.10 0.40 0.82 0.94 11 0.06 0.36
G10P 0.70 0.65 6 0.13 0.43 0.84 0.84 9 0.05 0.34
Mean 0.77 0.77 7.3 0.82 0.85 10.3
SE 0.02 0.03 0.6 0.02 0.03 0.9
Overall probability
of identity 2.30E-08 0.0013 1.00E-09 0.0007

* He=expected heterozygosity,oHobserved heterozygosity; A=no. of alleles;

Pip=probability of identity; Rg=probability of sibling identity.



Table S2.Model selection results from Huggins closed pojpetamodels of grizzly bear abundance in the Bowleyeof
Banff National Park, Alberta, Canada in 2006 and&0esults from Program MARK, April 2011 build.

Model ACS AICE w® Model Likelihood No. parameters Deviance

2006
CS: p(CSE,; x DTE) HT: p(sex x DTE) BR: p(sex + BRR); DTE;, 395.11 0.00 0.39 1.00 9 376.70
CS: p(CSE,; x DTE) HT: p(sex x DTE) BR: p(sex); DT foum rsum 395.74 0.63 0.28 0.73 8 379.42
CS: p(CSE,; x DTE) HT: p(sex x DTE) BR: p(sex); DT, 395.74 0.63  0.28 0.73 8 379.42
CS: p(CSE,) HT: p(sex) BR: p(sex) x DTE 400.97 586  0.02 0.05 8 384.65
CS: p(CSE,) HT: p(sex) BR: p(sex) + DTE 401.72 6.62 0.01 0.04 7 387.47
CS: p(CSE,) HT: p(sex) BR: p(sex) x DTE; DTE o eskm 403.77 8.67 0.01 0.01 8 387.45
CS: p(CSE,) HT: p(sex) BR: p(sex) x DTE; DTE 403.77 8.67 0.01 0.01 8 387.45
CS: p(CSE,) HT: p(sex) BR: p(sex) 406.25 11.15 0.00 0.00 6 394.07
CS: p(CSE,,)) HT: p(sex) BR: p(sex) + DTE 418.62 23.51 0.00 0.00 7 404.37
CS: p(DTE) HT: p(sex x DTE) BR: p(sex); D;Eum rskm 419.06 23.95 0.00 0.00 7 404.81

2008
CS: p(CSE,;x DTE) HT: p(sex x time + HTE, x DTE) BR: p(sex x time + BRE); DTE;, 599.93 0.00 0.17 1.00 27 543.17
CS: p(CSE,;x DTE) HT: p(sex x time + HTE, x DTE) BR: p(sex x time + BRE); DTE,; o, eskm 599.93 0.00 0.17 1.00 27 543.17
CS: p(CSE,;x DTE) HT: p(sex x time + HTE, x DTE) BR: p(sex x time + BRE); DTE,, ., 599.93 0.00 0.17 1.00 27 543.17
CS: p(CSE,;x DTE) HT: p(sex x time + HTEx DTE) BR: p(sex x time + BRE,) 599.93 0.00 0.17 1.00 27 543.17
CS: p(CSE,) HT: p(sex x time + HTE,) BR: p(sex x time + BRE) + DTE 601.63 1.70 0.07 0.43 26 547.07
CS: p(CSE,) HT: p(sex x time + HTE, ) BR: p(sex x time + BRE;) + DTE 602.16 2.23 0.06 0.33 26 547.60
CS: p(CSE,) HT: p(sex x time + HTE, ) BR: p(sex x time + BRE,) 603.98 4.04 0.02 0.13 25 551.61
CS: p(CSE,;x DTE) HT: p(sex x time x DTE) BR: p(sex x timeBRE, _); DTE,, 604.19 4.26 0.02 0.12 26 549.63
CS: p(CSE,) HT: p(sex x time + HTE, ) BR: p(sex x time + BRE) x DTE; DTE;,, 604.30 4.37 0.02 0.11 27 547.54
CS: p(CSE,) HT: p(sex x time + HTE,) BR: p(sex x time + BRE,) x DTE; DTEy; o escm 604.30 4.37 0.02 0.11 27 547.54

@Akaike’s Information Criterion for small sample e&

P The difference in Algvalue between thith model and the model with the lowest AlMzlue.
¢ Akaike wt used in model averaging.

4DTE subscripts indicate threshold values in kiloene{M=male-only, F=female-only).
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Table S3.Model selection results from Huggins closed popatamodels of black bear abundance in the Boweyadif
Banff National Park, Alberta, Canada in 2006 and&0esults from Program MARK, April 2011 build.

Model ACS AICS w® Model Likelihood No. parameters Deviance

2006
CS: p(CSE,) HT: p(t + sex + HTE,) BR: p(DTE) 271.66 0.00 0.55 1.00 11 248.75
CS: p(DTE) HT: p(t + sex + HT ) BR: p(.) 275.14 3.48  0.10 0.18 10 254.38
CS: p(.) HT: p(t + sex + HT) BR: p(.) 275.20 3.54  0.09 0.17 9 256.58
CS: p(.) HT: p(t + sex + HTf+ DTE) BR: p(.) 276.21 455  0.06 0.10 10 255.45
CS: p(DTE) HT: p(t + sex + HT,R) BR: p(.) 276.72 5.05 0.04 0.08 10 255.96
CS: p(DTE) HT: p(t + sex + HT) BR: p(DTE) 277.20 5.54  0.03 0.06 11 254.29
CS:p(.) HT: p(t +sex + HT) BR: p(.) + DTE; DTE o £skm 278.37 6.71  0.02 0.03 11 255.46
CS: p(.) HT: p(t + sex + HTF) BR: p(.) + DTE; DTE,, 278.37 6.71  0.02 0.03 11 255.46
CS: p(.) HT: p(t + sex + HTE) BR: p(.) + DTE 278.37 6.71  0.02 0.03 11 255.46
CS: p(.) HT: p(t + sex + DTE) BR: p(.) 27854 6.88  0.02 0.03 9 259.92

2008
CS: p(DTE) HT: p(t + sex + HT&) BR: p(DTE); DTE,, 437.77 0.00 0.16 1.00 11 415.16
CS: p(DTE) HT: p(t + sex + HTE) BR: p(DTE); DT By, 011 £skm 437.77 0.00 0.16 1.00 11 415.16
CS: p(DTE) HT: p(t + sex + HT ) BR: p(DTE) 437.77 0.00 0.16 1.00 11 415.16
CS: p(DTE) HT: p(t + sex + HT,R) BR: p(.) 438.13 0.36 0.14 0.84 10 417.62
CS: p(DTE) HT: p(t + sex + HT) BR: p(DTE) 438.15 0.38 0.14 0.83 11 415.53
CS: p(DTE) HT: p(t + sex + HT ) BR: p(.) 438.33 0.56  0.12 0.76 10 417.82
CS: p(CSE,, + DTE) HT: p(t + sex + HTE,) BR: p(DTE) 439.51 1.74  0.07 0.42 12 414.78
CS: p(DTE) HT: p(t x sex + HTE) BR: p(DTE) 44289 512 0.01 0.08 15 411.76
CS: p(DTE) HT: p(t x sex + DTE) BR: p(DTE) 44320 543  0.01 0.07 15 412.07
CS: p(DTE) HT: p(t x sex + HTR) BR: p(DTE) 44332 555 0.01 0.06 15 412.19

@Akaike’s Information Criterion for small sample e&

P The difference in AlGvalue between thith model and the model with the lowest AlM&lue.
¢ Akaike wt used in model averaging.

4DTE subscripts indicate threshold values in kiloene{M=male-only, F=female-only).
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Table S4.Model selection results from Pradel open poputatimdels of realized population growth rateand apparent
survival, , for grizzly bears in the Bow Valley of Banff Natial Park, Alberta, Canada between 2006 and 2@88|ts from

Program MARK, April 2011 build.

Model ACS  ACE w®  Model Likelihood No. parameters Deviance
(sex + DTE) (sex) p(t x sex + BRE, + DTE) 1077.98 0.00 0.31 1.00 36 993.98
(sex) (sex) p(t x sex + BRE, ) + DTE) 1078.96 0.98 0.19 0.61 36 994.96
(sex) (sex) p(t x sex + BRE, + DTE) 1079.53 1.55 0.15 0.46 36 995.53
(sex) (sex) p(t x sex + BRE, + DTE,;, ) 1079.53 1.55 0.15 0.46 36 995.53
(sex + DTE) (sex) p(t x sex + BRE, + DTE) 1081.09 3.10 0.07 0.21 36 997.09
(sex) (sex) p(t x sex + BRE,+ DTE) 1083.12 5.14 0.02 0.08 36 999.12
(sex) (sex) p(t x sex + DTE) 1083.46 5.48 0.02 0.06 33 1007.49
(sex) (sex) p(t x sex + DTE); DTE,, 1083.46 5.48 0.02 0.06 33 1007.49

@ Akaike’s Information Criterion for small sample e

®The difference in AlGvalue between thith model and the model with the lowest ANalue.

¢ Akaike wt used in model averaging.
4DTE subscripts indicate threshold values in kiloangt
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CHAPTER FOUR
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ABSTRACT
Wildlife crossing structures are one solution taigaiting the fragmentation of wildlife
populations caused by roads, but the effectiveakgaldlife crossings to provide
connectivity has only been superficially evaluatétundreds of grizzly and black bear
passages have been recorded at Banff Nationaldiaddic system of underpasses and
overpasses. However, the ability of wildlife cliogs to allow individual and
population-level movements across road networkanesrunknown. In April 2006, we
initiated a three-year investigation to determirteether wildlife crossings provide
connectivity for grizzly Ursus arcto¥ and black bearg), americanusin the Bow
Valley of Banff National Park. We used multiplenmovasive hair collection methods to
sample the grizzly and black bear populations aidbe Bow Valley. Our main
objectives were to: 1) determine the number ofviladial male and female grizzly and
black bears using wildlife crossings structuresX@ymine the spatial and temporal
patterns of individual bear crossings, and 3) estitnthe proportions of grizzly and black
bear populations in the Bow Valley using wildlifssing structures. We identified a
total of 15 grizzly (7 F and 8 M) and 17 black s F and 9 M) using wildlife
crossings. The number of individuals detectediltife crossings was highly correlated
with the number of passages in space and timezzlgtbears showed strong preference
for more open crossing structure types (i.e. ov&ea and open-span underpasses). Peak
use for both bear species occurred in July wheh fates of foraging activity coincide
with mating season. We detected significant propas of grizzly (15.0% in 2006 and

19.8% in 2008) and black bear (17.6% in 2006 an@%1ln 2008) populations using
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crossing structures. We conclude wildlife crossitrgctures provide spatial and

temporal connectivity for grizzly and black beapptations in Banff National Park.

INTRODUCTION
Road networks are one of the most ubiquitous aptgenic features on the planet and
pose a major threat to Earth’s biodiversity (Forreial. 2003). The presence of roads is
highly correlated with changes in species compasigpopulation sizes, and ecological
processes (Trombulak & Frissell 2000). Roadwagsgiqularly ones with higher traffic
volumes, can negatively affect wildlife populatidhsough direct mortality and habitat
fragmentation (Fahrig & Rytwinski 2009). Roadkiee a substantial source of mortality
for many vertebrate populations, but road-causedatity rates rarely limit population
abundance. Barrier effects caused by road avogdarethought to be a much bigger
ecological problem (Forman & Alexander 1998). Bareffects constrain wildlife
movements thus inhibiting landscape connectivity disrupting ecosystem functions
such as individual survival and reproduction, pagioh persistence and evolution,
predator-prey dynamics and resource competitiondIMé crossing structures combined
with exclusion fencing are one solution to keepangmals off of roadways while
maintaining or restoring animal movements, butab#ity of wildlife crossings to
provide connectivity for populations fragmentedrbgds has yet to be properly
evaluated (Corlatti et al. 2009; Kaplan 2009).

According to the theory of island biogeograpbgtches of habitat that are

connected will have greater species richness, siiyeand persistence than isolated
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patches (MacArthur & Wilson 1967). Corridors aesigned to link patches of
fragmented habitat, thus stabilizing populationaiyics and community processes.
Wildlife crossing structures are “in essence steesfic movement corridors strategically
placed over a deadly matrix habitat of pavementtagld-speed vehicles” (Clevenger &
Wierzchowski 2006). Ecological connectivity is baetdng increasingly more important
in the face of a changing climate (Krosby et all@0 Wildlife crossings may play an
important role in allowing animals to change movatsdi.e. latitude, elevation) in
response to rising temperatures and by allowindlthve of genes so that populations can
adapt and evolve to changing environmental conaitiadDespite these potential benefits,
conservation biologists have hotly debated the eémasgion value of corridors, including
engineered wildlife crossing structures, for the tavo decades (Hobbs 1992; Simberloff
& Cox 1987; Noss 1987; Beier & Noss 1998). Theadelhas understandably focused on
whether wildlife crossings and other landscapeidors designed to increase population
viability are worth the relatively high costs (Siertoff et al. 1992; Dixon et al. 2006).

The ability of wildlife crossing structures to ewct wildlife populations remains
surprisingly unknown considering an aggressive glahmpaign currently underway to
incorporate wildlife crossings into constructiomjacts (Forman 2000; Ament et al.
2008; Mata et al. 2008). Research has shown Ktaason fencing can reduce wildlife-
vehicle collisions for some species (Clevenget.2@01; Jaeger & Fahrig 2004). It has
also been well-documented that a variety of spegiksise wildlife crossings to traverse
busy highways (Clevenger & Waltho 2000; Clevengan&ltho 2005). Nonetheless,

few studies have evaluated the effectiveness afifglcrossing structures beyond
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documenting the number of species using crossingdteeir frequency of use (Cain et al.
2003; Ng et al. 2004; Clevenger & Waltho 2005; Gagat al. 2011).

One of the world’s most developed and well-knowstesms of wildlife crossings
is located within Banff National Park (BNP) in tB@entral Rocky Mountains of Alberta,
Canada. With over 4 million visitors per year, Bi[SRne of the world’s most visited
national parks and this high level of human vigiai@acts as a major stressor on the
ecosystem (Ford et al. 2010). Some of the serpualications in road ecology have
come from studying the two overpasses (costing $2amillion US per structure) and 23
underpasses that were built in the 1980s and 1i@9@sluce wildlife-vehicle collisions
and restore or maintain wildlife movement acrogsftur-lane section of the Trans-
Canada Highway (TCH), (Clevenger & Waltho 2000;v@leger et al. 2001; Clevenger &
Waltho 2005). The TCH is Canada’s busiest high(@&y970 vehicles per day on
average in BNP) and serves as the nation’s prireasy-west transportation route (Ford
et al. 2010). Given the extent and duration otiroatigation efforts in BNP along with
its protected status and biodiversity, it is vievileel world over as the quintessential
place to study the effectiveness of road mitigatieasures.

Recent evidence indicates that healthy populatidrapex consumers (e.g.
carnivores) are critical to maintaining top-dowmlegical processes, but many carnivore
species are experiencing a rapid global declinee@&st al. 2011). Wide-ranging, large-
bodied carnivores that inhabit BNP such as grigdissus arcto¥ and black bearg ),
americanuyare easily susceptible to road-caused fragmentaliie to their low

densities and reproductive rates combined withelésgme ranges (Brody & Pelton 1989;
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Proctor et al. 2005; Rytwinski & Fahrig 2011). Wife crossing structures in BNP and
the bears that use them represent the ideal systigns and model study species to
address huge gaps in our understanding of how, vamehwhy road mitigation measures
provide connectivity for individuals and populatson

Until recently, remote cameras and track pads baea the most frequently used
methods to evaluate the effectiveness of wildlifessing structures (Ford et al. 2009;
Long et al. 2008), but these methods cannot relidistinguish individuals or genders so
the research questions they can address are lig@tedenger & Sawaya 2010). For
instance, hundreds of grizzly and black bear pa&sshgve been recorded with track pads
at the wildlife crossing structures in BNP, but daenethodological limitations the
ability of crossing structures to serve as movensenidors for multiple individuals of
different genders remains completely unknown. Sasollected from noninvasive
genetic sampling can identify male and female imlligls and may provide information
on abundance, vital rates, and genetic interchangeyildlife managers have been
reluctant to embrace genetic monitoring methodsibee they are relatively new
(Schwartz et al. 2006). A new noninvasive gensitipling method recently developed
in BNP allows the opportunity for evaluating theliggpof wildlife crossings to connect
grizzly and black bear populations (Clevenger aag&/a 2010)

In April 2006, we initiated a three-year investiga to evaluate the effectiveness
of wildlife crossing structures to provide conneityi for grizzly and black bears in the
Bow Valley of BNP. We sampled wildlife crossindgsustures using the hair collection

method developed by Clevenger and Sawaya (20103amg@led the surrounding grizzly
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and black bear populations using a combinatioragftnaps and rub tree surveys
(Sawaya et aln Review. Our main objectives were to: 1) determine thmhber of
individual male and female grizzly and black bazsmg wildlife crossings to traverse
the TCH, 2) examine the spatial and temporal patef bear movements at wildlife
crossings, and 3) estimate the proportions of #s populations in the Bow Valley

using wildlife crossings.

STUDY AREA

Our 2246 km Bow Valley study area (BVSA) was located in BaN#tional Park
approximately 120 km west of Calgary, Alberta, edghe Continental Divide in the
central Rocky Mountains (Fig. 1). BNP is the flaigsof Canada’s extensive national
park system and was established in 1885, makitng ithird national park created in the
world. BNP along with three other national pafeho, Kootenay, and Jasper, comprise
the UNESCO Rocky Mountain World Heritage Site. Tdwer Bow Valley is a human-
dominated landscape with the TCH, the Banff Toven&48000 residents), a golf course,
3 ski areas, a railway, and a secondary highwagtw&en 1982 and 1997, 45 km of the
TCH extending west from the eastern park boundanewidened from two to four
lanes for safety reasons (McGuire & Morrall 2008)total of 25 wildlife crossing
structures, 2 overpasses and 23 underpassesdg.gulverts, creek and open-span
bridges) were constructed, along with 2.4 m higicieg to reduce wildlife vehicle

collisions and facilitate wildlife movement acrdbe four-lane section of the TCH (Ford
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et al. 2010). Detailed ecological descriptionshef study area can be found in Holroyd

and Van Tighem (1983) and Holland and Coen (1983).

METHODS
Sampling
We conducted hair sampling concurrently with trpeki monitoring at 20 of 25 wildlife
crossings structures in the Bow Valley between Hy M 18 October 2006, 22 April — 29
October 2007, and 22 April-18 October 2008 (Tableid. 1). Five were not included in
this study because they receive high levels of lunse and low levels of bear use
(Clevenger and Waltho 2005). We set up our hampgdimg system by stretching two
lengths of barbed wire perpendicular to the linenolvement in order to snag hair from
passing bears (Clevenger and Sawaya 2010). Weictatthair sampling in conjunction
with track pad monitoring. Track pads consistedtaps of sandy loam 1.5 -2 m wide,
running perpendicular to the line of movement goahsing the length of the wildlife
crossing (Clevenger & Waltho 2000; Clevenger & Wal2005). We checked track pads
every two days and recorded species, directiorawét, and number in group (Ford et al.
2009). Species identification was based on diagnobkaracteristics of tracks. We
calculated total number of passages by summingelescrossing events over the 3-year
sampling period.

For hair sampling at the crossing structures, @oeised two metal stakes at each
end of a track pad, and attached the two strandsrefat 30 cm and 70 cm, respectively.

Page wire and brush were piled at the ends of theetar funnel animals through the hair



81
sampling system. lllustrations along with detaitgcriptions of the hair sampling
system and related pilot study can be found in €lger and Sawaya (2010). We
checked the barbed wire for hair every two daysoimunction with track pad
monitoring. We collected hair samples from eadthb Isgparately and also collected
discrete clumps of hair below the wire. We plasanhples in paper envelopes labelled
with a uniquely numbered barcode and sterilizedyelarb from which we collected hair
with an open flame in order to prevent DNA contaaion. We extracted and amplified
DNA using procedures designed for noninvasivelyeodéd samples and identified
individuals using seven microsatellite loci (Sawayal.,In Reviey. After we compiled
multilocus genotypes for hair samples, we countediumber of unique individuals
detected at a given time or place.

In a previous analysis, we used two nonirnsgagenetic sampling methods, hair
traps and bear rubs, to collect hair from black gmzizly bear populations surrounding
the TCH and estimate grizzly and black bear pomrabundance for the Bow Valley
Study Area in 2006 and 2008. Detailed descriptmirisair collection from hair traps and
bear rubs and modeling methods and results caoumel fin Sawaya et alln(Review.
Connectivity
We examined individual patterns of bear passagessaevildlife crossings along the
TCH. We used multi-locus genotypes to count thalmer of unique male and female
bears using crossing structures each year andloénree year sampling period. We
calculated mean and standard error for frequenayddfidual bear passages by year and

across years. We examined spatial and tempottarpatof individual bear use with
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graphical plots.

We assessed population-level connectivity by compatata from crossings with
abundance estimates of grizzly and black beatsarBow Valley Study Area (Sawaya et
al. In Review).

We estimated minimum proportions of grizzly anddil bear populations using
crossings by dividing the number of males and fesidetected at crossings in a year by

the annual abundance estimates for each speciegeaddr.

RESULTS

Sampling

We recorded 91 grizzly bear passages at trackipa306, 115 in 2007, and 180 in 2008
(Fig. 2). We recorded 129 black bear passageack pads in 2006, 98 in 2007, and 88
in 2008 (Fig. 2). We collected 348 hair samplesifiwildlife crossings in 2006, 416 in
2007, and 553 in 2008 (Table 1). Many samples daome the same individual bears or
non-target species such as cougBrsga concolorand wolvesCanis lupuy. We
collected hair from 100% of wildlife crossings (r28) monitored in all years, but not all
passages yielded useable DNA (i.e. identify indiaid) or DNA from the target species.
We collected useable DNA from 37% of grizzly (n863 and 33% of black bear
passages (n = 315).

Connectivity

We identified 15 grizzlies (8 M, 7 F) and 17 bldmars (9 M, 8 F) using the wildlife

crossing structures over the course of the stWig.identified 11 grizzlies and 11 black
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bears using crossings in 2006, 12 grizzlies anh&tbears in 2007, and 10 grizzlies and
9 black bears in 2008 (Table 2). A high percentagadividual grizzly bears detected at
crossings were detected in >one year (71% of fesreald 75% of males). A lower
percentage of black bears were detected in >orme(§é% of females and 55% of
males). In fact, 57% of female and 37% of maleziies were detected all three years of
sampling compared to only 25% of female and 11%ale black bears. The average
number of passages per individual was higher fiaztyrbears than for black bears
(Table 3). Variability in individual passage fremecy was high for both species. Of the
247 total passages that produced useable DNA sanglezly bear males had the
highest number of total passages (n=97) and theebhignean number of passages per
individual (x=12.1, SD=12.8). One grizzly bear male accounte®4 of the 97
(35.1%) passages by male grizzly bears for whicthageuseable DNA, including the
highest number we recorded for a single year,Qiie grizzly bear female accounted for
18 of 47 (38.3%) female grizzly bear passagesgl8imdividuals accounted for an even
larger percentage of black bear passages (24 &%l{€3.6%) passages by one male and
21 of 48 (43.8%) female black bear passages bygesiemale).

The number of grizzly and black bear passagesaappe be spatially correlated
with the number of unique individuals detected adiNfe crossing structures (Pearson’s
r=0.89 for black bears and r=0.95 for grizzly be&ig. 3). Grizzly bear passages and
individuals are highly concentrated at two overpasand one open-span underpass to the
west of Banff Townsite, while black bear passagesaenly distributed and more

concentrated to the east (Fig. 3). High propogiohgrizzly bear males and females
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were detected at the most open wildlife crossipgs$y overpasses, and open-span
underpasses (Fig. 4a). Over 70% of female and Ga%ale grizzly bears detected at
wildlife crossings over the three year period weeeected at one of just two overpasses
(Fig. 4a). The proportion of black bears deteetedach crossing type was more evenly
distributed (Fig. 4b).

The number of grizzly and black bears detectedldlife crossing structures
during each month was highly correlated with thehar of passages detected with track
pads (Pearson’s r=0.99 for black bears and r=@B8rizzly bears; Fig. 5). The number
of grizzly bear individuals identified using wilt#i crossings peaked in July, but showed
a slight uptick in September (Fig. 5a). The nundfdylack bear individuals and
passages showed an even stronger peak in Julys{H)ig.

We obtained precise abundance estimates for grézrl black bears in the Bow
Valley (Sawaya et aln Reviewy from which we determined that high percentages
(>10%) of both species used wildlife crossing dtites to traverse the TCH. We
estimated the minimum proportion of the grizzly gapulation using crossings as
15.0% in 2006 and 19.8% in 2008 (Table 4). Werestted the minimum proportion of

the black bear population using crossings as 1762006 and 11.0% in 2008 (Table 5).

DISCUSSION
Transportation agencies and wildlife managers ned&tow whether wildlife crossings
provide connectivity for individuals and populatsom order to justify the continuation of

expensive road mitigation projects. Few if anydgtg, however, have collected
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empirical data on individual use of wildlife crasgs and provided population-level
context to those movements (Corlatti et al. 2008plEn 2009). We present the first in
depth examination of individual movements, spatral temporal patterns of use, and
population-level connectivity afforded by wildlitgossing structures and we conclude
that wildlife crossings provide connectivity forizgly and black bear populations.

We collected hair samples successfully from athefwildlife crossings that we
monitored N = 20) with our hair sampling system. Although were unable to produce
genetic results for many of the samples we coltkatecrossings, we still managed to
obtain individual identities for 37% of grizzly ald®% of black bear passages, thus
giving us a robust minimum count of bears usinglié crossings to traverse the TCH.

An examination of spatial patterns of individuabb use revealed that the type of
crossing structure is important in determining vehegrtain species are likely to cross.
We found a much higher percentage of male and fegratzly bears using large, open
crossing structure types, while black bears wenadausing smaller, more constricted
types of crossings (Fig. 4). These findings supearlier research based on track pad
counts (Clevenger & Waltho 2005). Consideringgtreng preference by many
individual grizzly bears for more open, less cangtd crossing types, we strongly
recommend transportation planners and engineesdaroverpasses and open-span
underpasses when mitigating highways for grizzigrbe It appears that black bears are
more adaptable and use a wider variety of crogsimgs than grizzly bears (Fig. 4), so
mitigation targeted for black bears could involvieraader array of smaller crossing

types (Clevenger & Huijser 2011).
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Given the high degree of variability in the numbépassages per individual (Table
3), it was surprising to find that the number o$geges from track pad counts was highly
correlated with the number of individuals for bamar species (Fig. 3). This provides
some independent validity to studies of crossingcstire effectiveness that make
assumptions about higher order processes basdy solrack count data. Our results
demonstrate that wildlife crossings provide spatainectivity by allowing frequent
movements by a number of individuals in a varidtiooations and through a number of
different crossing structure types.

An examination of movements at the wildlife crogs also reveals some
interesting temporal patterns. We detected a gtpaak in July for the number of grizzly
and black bear passages and individuals (FigT8)s is not surprising as we predicted
that bears would use crossings most in mid-summeailse it corresponds with mating
season, dispersal, and the highest foraging activithe montane valley bottom habitat.
We also predicted an abrupt decline in bear uskeotrossings as movements decreased
due to increased foraging efficiency after buff@oly patches ripen in late July (Hamer
& Herrero 1987). The number of passages we redgode month at crossings also was
highly correlated with the number of individualgelged per month (Fig. 5).

The number of male and female black and grizzhrééetected using the
crossings was surprisingly consistent across y@atsle 2), especially when considering
the upwards trend in grizzly bear passages (Fignd8)the recent downward trend in
black bear passages. These opposing trends areaaiglicated by the apparent

relationship between the number of track pad detestand number of individuals (Fig.
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3 and 5). The number of grizzly and black beasseos was fairly constant across years
(Table 2). We detected a very high percentageintly bears using wildlife crossings
from year to year, but we recaptured far fewer lblaears across years. The obvious
upward trend in grizzly bear passages coupled thihrelatively stable numbers of
crossers suggests the increase in grizzly beatarsenost likely be explained by
increasingly frequent use by a few individuals vattisproportionately high number of
passages. Previous researchers have proposeddietay be a strong learning curve
for some species to find and use wildlife crossiaigd the strong upward trend (Fig. 2)
shows the importance of long—term monitoring ofssing structures (Clevenger &
Waltho 2005; Gagnon et al. 2011).

We were able to provide population-level contexoar wildlife crossing data by
obtaining precise estimates of abundance (SawaglaletReviewy and directly
comparing them to the minimum number of individuats detected with our hair
sampling system. Large percentages of the popuakabf grizzly (15-20%) and black
bears (11-19%) in the Bow Valley used wildlife siogs to traverse the TCH. These
minimum percentages are especially high when censiglthat many bears are unlikely
to have home ranges overlapping/ bordering the TREgardless, nearly equal
proportions of males and females of both species detected at crossings in two
separate years; a particularly encouraging findiméroctor et al. (2005) found
significant fragmentation effects and male-biasispetsal of grizzly bears across a

major east-west highway in Alberta and British Gohia.
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It is worth noting that although the minimum numbeéindividuals detected
using the crossings were relatively consistent fy@ar to year, the population estimates
for grizzly bears decreased while the estimatebleck bears increased between 2006
and 2008. Changes in abundance explains mucle ofatability in minimum estimates
of the proportions of crossers between years,Haibpposing trend shown in passages
from track pads (Fig. 2) reinforces the eviden@ the number of passages is driven by
a few individuals, irrespective of abundance s itlear that it takes time for grizzly bears
to learn how and where to incorporate wildlife giags into home range movements.
But as grizzly bears become comfortable with crggstructures it appears that they will
use crossings with more and more regularity. tuesions where adult survival is
lowered (i.e. hunted populations), grizzly bearymet survive long enough to learn to
adapt to wildlife crossings, therefore crossingatires may not be as effective for an
unprotected population as they are for a protegtgulilation such as BNP.

Ideally, wildlife crossings should increase thenpeability of roads and,
therefore, survival of animals that live near thént, direct and indirect impacts of road
mitigation are complicated and difficult to evaleatithout pre-mitigation data
(Roedenbeck et al. 2007). Wildlife crossings casitpvely affect bear survival through
reduced road-kill rates, increased access to faddshelter, and by allowing escape from
predation by other bears. Repeated visual obsengdf bears foraging in the small
strip of riparian habitat between the highway dmelBow River suggest that wildlife
crossings in BNP play an important role in allowaggess to seasonally productive food

resources which could be especially important t® @ithe most fragmented, food-
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stressed, and human-influenced populations of lgrlzzars on the planet (Gibeau et al.
2002; Chruszcz et al. 2003). Even though justaimelividuals accounted for the
majority of female grizzly and black bear crossimgsur study, their use of crossings
could be crucial to maintaining bear populatiorbility because even slight changes in
adult female survival can strongly influence pogiolagrowth rates for grizzly and black
bears in BNP (Hebblewhite et al. 2003; Garsheled.€2005).

Indirect effects of road mitigation are rarely satered when mitigating roads,
but could be just as influential on population Wi&pas direct effects. Research has
shown that stress can affect reproductive physioédsgl demography (Romero 2004).
Wildlife using crossings may experience reduceesstthus leading to increased health
and reproductive fitness. Survival could be negdyi affected if wildlife crossings allow
movements into areas with high habitat quality higth mortality rates. For example,
the Bow Valley could be an attractive sink for ghyzbears (Nielson et al. 2004) and it is
possible that wildlife crossings allow movement® iareas with high mortality risk. The
railroad is one of the highest causes of mortéditygrizzly and black bears in BNP
(Bertch & Gibeau 2009, 2010) and it is conceivdhbd wildlife crossings could
inadvertently allow access to grain spills on thi&woad, thus increasing risk from
railway strikes. Wildlife crossings are no guaest solution for landscape and species
conservation and the potential merits of buildiaghecrossing should be weighed
carefully against the costs and potential directiadirect impacts of road mitigation.

We conclude that wildlife crossings provide cortnety for grizzly and black

bear populations in BNP, but we also suggest fushely is warranted to understand the



90
ability of wildlife crossings to prevent genetiolation and enhance population viability.
The one-to-ten-migrant-per-generation rule of thyprdposed a threshold of genetic
interchange that should minimize short-term effettmbreeding while allowing for
local adaptive differentiation (Mills & Allendorfa96; Wang 2004). Although studies
have shown that movement does not necessarilylatarte the flow of genes (Riley et
al. 2006; Strasburg 2006), we are fairly confidduat wildlife crossings maintain genetic
connectivity across the TCH because the obsenassiog rates far exceeded those
needed to prevent inbreeding or population diffeation. In short, we have
demonstrated the ability of wildlife crossing stwes to provide spatial and temporal
connectivity for wildlife populations across a majans-continental transportation

corridor.
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TABLES

Table 1.Number of stations monitored and hair samplesctdd for three noninvasive
genetic sampling methods, wildlife crossings, r@ps, and bears rubs, in the Bow
Valley of Banff National Park, Alberta, Canada betn April 2006 and October 2008.

2006 2007 2008 Total
Wildlife crossings
No. stations 20 20 20 20
No. hair samples 348 416 553 1317
Hair traps
No. stations 210 0 210 420
No. hair samples 884 N/A 1125 2009
Bear rubs
No. stations 284 321 313 321
No. hair samples 408 1221 1281 2910

* Some stations monitored more than one year.



99

Table 2. Number of individual bears detected with threeineaisive genetic sampling
methods, wildlife crossings, hair traps, and bealbs, in Bow Valley of Banff National

Park, Alberta, Canada between April 2006 and Oc¢t2b668.

2006 2007 2008 Total
Wildlife crossings
Grizzly bears 11 12 10 15
Males 6 6 5 8
Females 5 6 5 7
Black bears 11 8 9 17
Males 7 4 4 9
Females 4 4 5 8
Hair traps
Grizzly bears 31 N/A 39 42
Males 16 N/A 12 20
Females 15 N/A 17 22
Black bears 40 N/A 57 76
Males 16 N/A 19 30
Females 24 N/A 38 46
Bear rubs
Grizzly bears 40 46 43 73
Males 25 30 24 44
Females 15 16 19 29
Black bears 2 11 6 16
Males 1 9 2 12
Females 1 2 4 4

* Some individuals detected with more than one metbr in more than one year.
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Table 3.Frequency of grizzly and black bear passagewildlife crossing structures per
individuaP detected from hair sampfemllected in Banff National Park, Alberta, Canada
between April and October of 2006-2008.

Species Parameter 2006 2007 2008 Total

Male Total 23 36 38 97
Male Mean 3.8 6.0 7.6 12.1
Male SD 2.7 6.1 6.3 12.8

Grizzly bears .. ale Total 9 20 18 47
Female Mean 1.8 3.3 3.6 6.7
Female SD 0.8 3.3 2.2 5.5
Male Total 20 16 19 55
Male Mean 2.9 4.0 4.8 6.1
Male SD 2.8 2.9 3.9 7.4

Black bears

Female Total 22 14 12 48
Female Mean 5.5 3.5 2.4 6.0
Female SD 3.3 5.0 1.7 7.1

4The number of passages was the sum of unique ogosgents for each individual that
produced a hair sample with amplifiable DNA.

P Individual identity was determined from DNA anafysf hair samples collected at
wildlife crossings.

“Many crossing events resulted in the collectiomaftiple samples from the same
individual, but passages were only counted oncedoh combination of space
(i.e. crossing) and time (i.e. collection date).
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Table 4. Total minimum counts from noninvasive genetic skmgp model-averaged
estimates of grizzly bear abundance and numbepeombrtion of population of grizzly
bears detected using wildlife crossings to travétselrans-Canada Highway in the Bow
Valley Study Area of Banff National Park, Alber@anada, in 2006 and 2008.

No.
detected % of population
Min. Abundance R at detected at

Grizzly bears count estimate SE (N) crossings crossings

2006
Males 32 39.9 4.7 6 15.0
Females 25 33.6 5.3 5 14.9
Total 57 73.5 7.2 11 15.0

2008
Males 26 28.1 2.1 5 17.8
Females 22 22.3 0.6 5 22.4
Total 48 50.4 2.2 10 19.8

* Proportion of population using wildlife crossingss estimated by dividing the number
detected at the wildlife crossings by the popalatstimate.
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Table 5. Total minimum counts from noninvasive genetic skmgp model-averaged
estimates of black bear abundance and number apdnion of population of black
bears detected using wildlife crossings to travétselrans-Canada Highway in the Bow
Valley Study Area of Banff National Park, Alber@anada, in 2006 and 2008.

No.
detected % of population
Min. Abundance R at detected at

Black bears count estimate SE (N) crossings crossings

2006
Males 19 30.2 7.3 7 23.2
Females 24 32.3 4.9 4 12.4
Total 43 62.6 9.0 11 17.6

2008
Males 22 28.3 4.1 4 14.1
Females 41 53.5 5.7 5 9.3
Total 63 81.8 7.2 9 11.0

* Proportion of population using wildlife crossingss estimated by dividing the
number detected at the wildlife crossings by thpypation estimate.
** 13 black bear samples from 6 hair traps werearalyzed in 2006.
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FIGURE LEGENDS

Figure 1. Study area, sampling grid, and noninvasive gersampling locations used to
investigate conservation benefits of wildlife criagsstructures for grizzly and black bear
populations in the Bow Valley of Banff National R§BNP), Alberta, Canada, between
21 April and 31 October of 2006-2008. We monito28dwildlife crossing structures
with a hair sampling system developed in BNP (Cheyeg and Sawaya 2010), 420 hair
traps, and 321 bear rubs; we did not monitor fivdlife crossings due to high levels of

human use and low levels of bear use (i.e. passigesnined from track pads).

Figure 2. Frequency of grizzly and black bear passages @etedth track pads at
wildlife crossing structures monitored in Banff iaual Park, Alberta, Canada between
April 1997- October 2008. The number of passages tive sum of unique crossing

events recorded at track pads over the three weaplsng period for each species.

Figure 3. Total number of grizzly and black bear passagas3&) and individuals (Fig

3b) detected at each wildlife crossing structutsvben 2006 and 2008. The number of
passages was the sum of unique crossing eventsleekcat track pads over the three year
sampling period. The number of individuals wasgbm of unique individuals detected
at a given crossing structure; individual identitgs determined from DNA analysis of
hair samples collected at wildlife crossings over three year sampling period. Many

crossing events resulted in the collection of mpléthair samples from the same
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individual and some individuals were detected atdame wildlife crossing on multiple
occasions, but only counted once per wildlife cirggs Crossing structure types from
small to large are abbreviated as follows: M=medawutvert (n=1), B=box culvert (n=4),
L=large culvert (n=5), C=creek bridge (n=3), S=opan (n=5), and O=overpass (n=2).

Crossing structures are ordered from west (lef@ast (right).

Figure 4. Total number of grizzly (Fig 4a) and black beag(#b) individuals detected at
each of 6 crossing structure types monitored withimvasive genetic sampling between
2006 and 2008. Proportions were based on the nuoflbmique individuals detected at
a crossing type over the 3-year sampling perio#tdmmanto females (F) and males (M).
The number of individuals was the sum of uniquevididials detected at a given crossing
structure type; individual identity was determirfemm DNA analysis of hair samples
collected at wildlife crossings over the three ygampling period. Many crossing events
resulted in the collection of multiple samples frdm same individual and some
individuals were detected at the same wildlife shog type, but only counted once per
crossing structure type. Crossing structure tygvesordered from more constricted (left)
to more open (right): medium culvert (n=1), boxvaut (n=4), large culvert (n=5), creek

bridge (n=3), open-span (n=5), and overpass (n=2).

Figure 5. Total number of individual grizzly bears (Fig %Zajd black bears (Fig 5b)
detected each month with noninvasive genetic saig@it wildlife crossings in Banff

National Park, Alberta between 2006 and 2008. furmaber of passages was the sum of
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unique crossing events recorded at track padstbedhree year sampling period;
species identification was determined based omdistic characteristics of tracks. The
number of passages with DNA was the sum of unigagssing events that produced a
hair sample with amplifiable DNA. The number oflimiduals was the sum of unique
individuals detected at a given crossing structunaiyvidual identity was determined
from DNA analysis of hair samples collected at Vifidkdcrossings over the three year
sampling period. Many crossing events resultatiéncollection of multiple samples
from the same individual and many individuals wee¢ected more than once in a given
month or during more than 1 month in the same geacross years, but only counted

once per month.
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ABSTRACT
Roads can fragment and isolate wildlife populatishgch will eventually decrease the
amount of genetic diversity within populations. lfllife crossing structures may
counteract these impacts by maintaining or resgogiene flow, but most crossings are
relatively new, and there is little evidence thayt facilitate gene flow. We conducted a
three-year research project in Banff National PAtkerta to evaluate the effectiveness
of wildlife crossings to provide genetic connedipvi Our main objective was to
determine how the Trans-Canada Highway and thdifeilcrossing structures along it
affect gene flow and population structure in gyzahd black bears. To address these
guestions we compared genetic data generated frdviduals detected at wildlife
crossings with data collected from greater popaoitetiusing noninvasive genetic
sampling. We detected a genetic discontinuityrinzdy bears at the highway but not in
black bears using population-based and individaakl analyses. We used three genetic
methods for identifying bears that crossed thewnagh and all gave comparable
estimates of migration rates. Grizzly bears detket crossings assigned to populations
north and south of the highway, providing evideatbidirectional gene flow and
genetic admixture at wildlife crossings. Genetacgmtage tests showed that 47% of
black bears and 27% of grizzly bears that usedsargs successfully bred, including
multiple males and females of both species. Defiéiating between dispersal and gene
flow is difficult, but we documented gene flow alldlife crossings by showing a
migration event followed by successful reproductma genetic admixture. We

conclude wildlife crossings allow sufficient gedew to prevent genetic isolation of
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ursid populations in Banff National Park.

INTRODUCTION
Roads connect human populations, but often fragmvédlife populations (Forman et al.
2003). Busy roads such as highways can act atsaio movement through direct
mortality of dispersers or through behavioral aaoice (Trombulak & Frissell 2000,
Shepard et al. 2008). This can reduce accesdbitahand mates (Forman and
Alexander 1998), and thereby reduce survival aeeding opportunities. In addition,
when roads prevent migration between populatioesetic drift and inbreeding will
gradually reduce the amount of genetic diversitgopulations and this will happen
fastest in smaller, more isolated populations (Egipd 2005, Holderegger and Di Giulio
2010). Barrier effects may be particularly harnttufragmented wildlife populations in
the face of climate change because animals wik&g able to move in response to
changing environmental conditions. Landscape dors, however, may allow animals
to change movement patterns (i.e. latitude, eleaain response to rising temperatures
and allow the flow of genes so that populationsadapt and evolve to rapidly changing
environmental surroundings (Krosby et al. 2010)ildi¥e crossing structures are one
solution to mitigating the barrier effects of roamswildlife and maintaining or restoring
functional connectivity (Clevenger and Wierzchow2eD6).

Wildlife crossing structures such as overpassdsuaderpasses are designed to
serve as small-scale corridors to increase pertiyadiiross highways, but few studies

have examined their effectiveness beyond simplyo@nting animal movements.
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Often, highways have been fenced for the purposieafeasing wildlife-vehicle
collisions and research has shown that exclusiocirig helps to reduce highway
accidents leading to less wildlife mortality an@aper public safety (Clevenger et al.
2001, Jaeger and Fahrig 2004). Numerous specikegssia variety of crossing structure
types (i.e. overpasses, culverts, open-span unskgpaetc) to traverse busy highways
(Clevenger et al. 2000, 2005, Ng et al. 2004, Gagrial. 2011). Most studies that have
assessed the effectiveness of wildlife crossingcires simply document the species and
direction of movement with track pads and remotearas, but these methods cannot
accurately identify male and female individualsaddress questions at the population-
level (Clevenger and Sawaya 2010). Recent studies demonstrated that wildlife
crossing structures allow considerable movemenpdpulations (Sawaya et &h
Review; however, the ability of wildlife crossing struces to provide genetic
connectivity and counteract the effects of gensbtation remains relatively unknown
(Corlatti et al. 2009, Kaplan 2009).

Fragmentation divides large populations into semgdbpulations that are more
prone to extinction due to demographic and enviremia stochasticity (Berger 1990).
Small, isolated populations also have less gewétarsity and are more prone to
extinction due to inbreeding depression than largemnected populations (Frankham
1996, 1997, 1998). Genetic variation within a dapan can be lost due to genetic drift
following population fragmentation (Mills 2007).ntall populations that are isolated
from other populations are more likely to experenbreeding, the mating of related

individuals, because the smaller the populatiomtloee change there will be between
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parental and offspring gene pools. Small poputatiare also more susceptible to disease
epidemics and less able to cope with extreme emwiemtal conditions due to a lack of
genetic variation. Migration plays an importarierm maintaining genetic diversity
along with mutation, selection, and genetic diifiright 1931), particularly within
fragmented populations (Couvet et al. 2002).

Landscape genetics studies have revealed thad o@edimpact the genetic
structure of wildlife populations in a number ofysgBalkenhol and Waits 2009,
Simmons et al. 2010). Several studies have loakgeneflow across major roadways
and found that reduction in migration rates legapulation differentiation (Proctor et al.
2005, Kuehn et al 2006, Riley et al 2006). Otl=erarch has shown that road caused
fragmentation can lead to loss of genetic varigb{lKeller et al. 2003). Roads can even
act as patrtial filters to migration resulting irxdsased dispersal or reduced gene flow.
For example, Proctor et al. (2005) found substantae-biased dispersal of grizzly
bears Ursus arcto¥ across a major highway in Southern Canada usipglption
assignment tests. Riley et al. (2006) examinepedsal and genetic differentiation in
coyote Canis latran3 and bobcatl{ynx rufug populations separated by a major
California freeway. They found using radio-telemehat both species frequently
crossed the highway, but genetic assignment tegealed that the level of gene flow
was much less than movement rates alone would stuilggeling the authors to conclude
that the discrepancy was due to a lack of breeolppgrtunities for typically young
dispersers encountering occupied adult home rapiggebup on the other side. As stated

in a related article ilNature “if the discrepancy between dispersal and gemneftat
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Riley et al. found is widespread, as seems likélg,effectiveness of highway dispersal
corridors needs to be tested to see how well thest their goal of ensuring genetic
connections among populations” (Strasburg 2006).

Wildlife crossing structures in Banff National R§BNP) are an ideal study
system to study how roads and crossing structifest gene flow and population
structure. One of the worlds’s most developedamell-known system of wildlife
crossings is located within BNP in the Central Robtountains of Alberta, Canada.
With over 4 million visitors per year, BNP is onktlee most heavily visited national
parks in North America and this high level of humasitation and accompanying traffic
volume acts as a major stressor on the ecosystantf(Bow Valley Study 1996). The
Trans-Canada Highway (TCH) is Canada’s busiestisgh(17,970 vehicles per day on
average through BNP) and serves as the nationisapyi East-West transportation route
(Clevenger et al. 2006). Two overpasses and 23rpadges were built in the 1980s and
1990s to reduce wildlife-vehicle collisions andtogs or maintain wildlife movement
across the four-lane section of the TCH, (Cleveigg#/altho 2000; Clevenger et al.
2001; Clevenger & Waltho 2005).

Bears are good model study species to investtbatability of wildlife crossings
to move genes across busy highways because theg@mgically important and are
sensitive to fragmentation. Recent evidence indgthat the loss of apex consumers
(e.g. carnivores) can trigger far-reaching tropfascades, but many of these species are
experiencing rapid global declines due to humarses(Estes et al. 2011). Wide-

ranging, large bodied carnivores that inhabit BNEhsas grizzly and black beatd. (
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americanuyare easily susceptible to road-caused fragmentalile to their low
densities and reproductive rates combined withelfigme range requirements
(Rytwinski & Fahrig 2011). Numerous studies halvevegn that roads can significantly
reduce bear movements (Brody & Pelton 1989; Praattat. 2005) or influence where
bears cross busy highways (Lewis et al. 2011).e&e& on grizzlies using radio and
global positioning system (GPS) collars has dematexd that higher traffic volumes are
correlated with stronger barrier effects (Chrusztcal. 2003, Waller et al. 2005). Not
surprisingly, significant genetic discontinuitiesve been detected in a number of grizzly
bear populations fragmented by major highways thinout the western United States
and Canada (Proctor et al 2005, Kendall et al 2B@8ctor et al. 2012).

In April 2006, we initiated a three-year investiga to evaluate the effectiveness
of wildlife crossing structures to allow genefloar grizzly and black bears in BNP. We
sampled wildlife crossings structures using a kampling method developed by
Clevenger and Sawaya (2010) and sampled the suliraygrizzly and black bear
populations using a combination of hair traps aaarlbub surveys (Sawaya etlal.
Review [b). Our main objective was to determine how the T&id the wildlife
crossing structures along it affect gene flow aopypation structure in grizzly and black

bears in BNP.

STUDY AREA
Our 2246 km Bow Valley study area (BVSA) was located in BaXgtional Park (BNP)

120 km west of Calgary, Alberta, east of the Caarital Divide in the central Rocky
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Mountains (Fig. 1). BNP was established in 188& iarthe flagship of Canada’s
extensive national park system. BNP along witkeelhother contiguous national parks,
Yoho, Kootenay, and Jasper, comprise the UNESCOyREountain World Heritage
Site. The lower Bow Valley is a human-dominatattiscape with the TCH, the Banff
Townsite (=8000 residents), a golf course, 3 skasy a railway, and a secondary
highway. Between 1982 and 1997, 45 km of the T&tdreling west from the eastern
park boundary were widened from two to four larsrsshfety reasons (McGuire &
Morrall 2000). In the late 1980s and early 19%0®mtal of 25 wildlife crossing
structures, 2 overpasses and 23 underpassesdg.gulverts, creek and open-span
bridges) were constructed, along with 2.4 m higicieg to reduce wildlife vehicle
collisions and facilitate wildlife movement acrdbe four-lane section of the TCH
(Clevenger and Wierzchowski 2006). Detailed ecalmiglescriptions of the study area

can be found in Holroyd & Van Tighem (1983) and ldotl & Coen (1983).

METHODS

Sampling

We studied bear crossings at 20 of 25 wildlife siog structures along the TCH (Fig. 1).
Five were not included in this study because thheynaar Banff Townsite receive
relatively high human use, and are rarely useddays$(Clevenger and Waltho 2005).
We set up our hair-sampling system by stretchinglemgths of barbed wire
perpendicular to the line of movement in orderrtagshair from passing bears. We

secured two metal stakes at each end of a trackkoniog pad, and attached the two
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strands of wire at a height of 30 cm and 70 cnpeesvely. Woven page-wire fence
material and tree branches were piled at the ehttedbarbed wire in order to funnel
animals through the hair sampling system (see @Gipteand Sawaya 2010 for a detailed
description). We checked the barbed wire for baery two days in conjunction with
routine track pad monitoring at the wildlife crasgistructures. We collected hair
samples from each barb separately and also callelcterete clumps of hair below the
wire. We placed samples in paper envelopes labalith a uniquely numbered barcode
and sterilized every barb from which we collected ith an open flame in order to
prevent DNA contamination of subsequent samples.

We collected hair from black and grizzly bear pagans in the Bow Valley of
BNP using hair traps and bear rubs. Detailed detsonis of hair collection from hair
traps and bear rubs can be found in Sawaya dhdReview [b).

Genetic Analysis

We stored hair samples at room temperature oragiksiccant. Samples were analyzed
at Wildlife Genetics International (Nelson, BritiSlolumbia), a lab that specializes in
analysis of noninvasive genetic samples. We etddadNA from all samples withl
guard hair follicle or 5 underfur hairs, using plO guard hairs with underfur when
available. The lab used protocols for DNA extractand microsatellite analysis of
samples described by Paetkau (2003) and validaté&skbdall et al. (2009). All DNA
extraction was performed using QIAGEN’s DNeasy tiesKit (Qiagen, Valencia, CA).

We used seven microsatellite loci developed bykaett al. (1995) that have become
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standard for individual identification of grizzlyehrs in the Rocky Mountains: G10J,
G1A, G10B, G1D, G10H, G10M, and G10P.

Results from noninvasive genetic sampling studaésbe biased by low power to
distinguish individuals (i.e. shadow effect) anchggping errors such as allelic dropout
and false alleles that result in the creation tdfefandividuals (Waits & Leberg 2000,
Mills et al. 2000, Creel et al. 2003). We therefosed variable markers and genotyping
error and removal procedures developed by PaeB@0Bj. We attempted all seven
microsatellite loci for all hair samples for whiale were able to extract DNA. We
excluded samples from further analysis that prodinegh confidence genotypes for <3
markers. For the samples that produced 3-5 loenstgpes on the first pass, we re-
analyzed the markers, but excluded samples frothduanalysis if they failed on the
second pass.

Once we had complete 7-locus genotypes, we bégaertor-checking and
removal process by identifying pairs of genotyges tmismatched by one or two loci, a
potential warning sign that a genotyping error ot (Paetkau 2003; McKelvey &
Schwartz 2004). We scrutinized the results from@airs of samples that differed by
one or two loci and re-analyzed loci until we weomfident in the results. Once we had
complete multi-locus genotypes, we analyzed onetafrom each individual for gender
using amelogenin (Ennis & Gallagher 1994, Pilgrinale 2005). We extended
genotypes to 20 loci using the following additiotadi: G10C, G10L, CXX110, CXX20,
Mu50, Mu51, Mu59, G10U, Mu23, G10X, MSUT-2, REN143P, and CPH9 (Taberlet

et al 1997, Paetkau et al. 1995, Kitahara et aD280d Breen et al. 2001). We calculated
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marker power using data from 135 grizzly bears Hd®lblack bears identified from hair
and tissue samples collected in BNP. We used GEN(Peakall & Smouse 2006) to
calculate expected allele frequencies, expectesrdmtgosity (H), observed
heterozygosity (k), the probability of identity (B) that two randomly drawn individuals
would share the same multi-locus genotype and ithiegbility that full siblings would
have identical multi-locus genotypess?. We used GENALEX to evaluate all 20 loci
for conformance to Hardy-Weinberg proportions kstitey for heterozygote deficiency
and linkage disequilibrium.

Genetic structure and gene flow

We used three different methods for identifyingrsehat crossed the TCH. We defined
a migrant as any bear that we detected moving sitheshighway (Proctor et al. 2012)
using any one of three criteria: 1) bear detectiéd kair collection system at wildlife
crossings, 2) bear detected on both sides of ttealaly using NGS methods (i.e. bear
rubs and/ or hair traps), and 3) bear cross-assignpopulation of origin using
assignment tests. For bears that were detectbdtbrsides of the TCH with NGS, we
assigned bears to the north or south populatiossdan the majority of their locations
or their last known location in order to maximiag @bility to detect migration events.
We examined isolation by distance patterns inkbéaw grizzly bears using
Mantel tests (Mantel 1967, Smouse et al. 1986)og@phic distance was calculated as
the Euclidean distance (in meters) between painsdi¥idual locations. We determined
bear locations from sampling points using GPS acednded geographic locations in the

Universal Transverse Mercator coordinate systeranywbf the bears in the study were
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located more than once. For these bears, we deedrgeographic coordinates for
individual bears by calculating centroids for Minim Convex Polygons for individuals
with 3 locations. Otherwise, we used 1 point or avet&jmcations to represent an
individual’'s detection center on the landscape.

We used Alleles In Space (Miller 2005) to calcealilei’'s (1983) genetic
distances and to perform Mantel tests. For pavietel tests, we used GENEPOP
(Raymond and Rousset 1995, Rousset 2008) to ctddhla individual pair-wise genetic
distance of, Rousset’s & (2000), similar ¢&/@.-Fs7), which is useful for examining
isolation by distance in individuals (Rousset etl@97). We employed a partial Mantel
test in the R package ECODIST v 1.2.3 (Goslee at@m2010) to determine whether
the TCH has a significant effect on genetic distalmg treating distances from the same
or opposite sides of the highway as a variable. udésl Alleles In Space to examine our
data for spatial autocorrelation and allelic aggtemn and to test for the presence of a
barrier effect on genetic distance using Monmonradg®rithm (Monmonie 1973).

We calculated population differentiations@between north and south
populations using GENALEX. We used individual ¢krsng methods to examine
current population genetic structure and idengfgent migrants. We first used
multidimensional Factorial Correspondence Anal{S{SA) in program GENETIX
(Belkhir 1999) to examine genetic structure in kland grizzly bear populations. FCA
uses allele sharing to cluster individuals in atidishensional hyperspace based on allele
sharing similarities using no a priori assumptiabsut population origin (Proctor et al.

2012). We used program STRUCTURE to determinantimber of populations present
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in the study area, and to identify admixed indialduor inter-population migrants
(Pritchard et al. 2000). We determined the nunatb@opulations by testing different
values of k from 1 to 4 and using the ad hoc apgragescribed in Evanno et al. (2005).
We ran 100,000 burn-in iterations and collecte@ aatt the following 100,000 runs. We
identified migrants based on cross-population assant probabilities (Proctor et al.
2012).

We used programs PARENTE (Cercueil et al. 2008)@BRVUS (Marsall et al.
1998, Kalinowski et al. 2007) to conduct parentagealysis using multilocus genotypes.
We identified maternal and paternal relationshipsuftaneously using probabilities of
all potential parent pairs. Identifying both pasesimultaneously provides more accurate
parentage assignments and allows directionalitglationships to be inferred which
would not be possible with hair samples alone. Uk additional data (e.g., captures,
mortalities, remote photographs, etc) to confirra alg@sses and relationships whenever
possible. We examined relative reproductive sugoébears using crossings and

parental-offspring relationships of crossers.

RESULTS

Sampling

We conducted hair sampling at 20 wildlife crossiaggactures in the Bow Valley
between 15 May — 18 October 2006, 22 April — 290Det 2007, and 22 April-18
October 2008 (Fig. 1). We collected 1317 hair dasmfrom wildlife crossings. We

established hair traps from 25 May - 9 August 2808 28 May - August 2008. During
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five 14-day sessions, we collected 2009 hair sasripten 420 traps (n=210 in 2006 and
2008). We surveyed bear rubs from 10 Septemb&rG@ober 2006, 3 June - 27
October 2007, and 28 May — 27 October 2008. Weitmad 330 bear rubs in 2006 and
497 bear rubs in 2007 and 2008. We collected 6di3samples from bear rubs. We
obtained additional DNA samples (tissue or hamjrfrbear management actions and
wildlife crossings in the BVSA between 15 May —Q8tober 2006, 22 April — 29
October 2007, and 22 April-18 October 2008.

Genetic analysis

Marker power was high for grizzly and black beassg twenty loci (Table S1)Pp,
was 5.0E-18 and for 7.0E-24 black bearggfvas 1.2E-07 for grizzly bears and 3.5E-
09 for black bears. Meangtcross all 20 loci was higher for black bearsqptian for
grizzly bears (0.66). The mean number of allekslgcus was also higher for black
bears (9.4) than for grizzlies (6.9).

We identified a total of 113 unique grizzly bearsl 101 black bears from multi-
locus genotypes across all NGS methods and y&aetic analysis of samples
collected at wildlife crossings identified 15 giies (8 M, 7 F) and 17 black bears (9M,
8F) using underpasses and overpasses to traver3€th (Table 1). We identified 42
grizzly bears and 76 black bears from hair trapasiand 107 grizzlies and 38 black
bears from bear rub samples.

Genetic structure and gene flow

We observed isolation by distance patterns forkotam grizzly bears in the Bow Valley

(Fig. 2). Mantel test results confirmed a positeerelation for black bears (r=0.202, p-
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value=0.001) and grizzlies (r=0.104, p-value=0.00R)e correlation between genetic
distance and geographic distance was strongeeioalke (r=0.298, p-value=0.001) than
for male black bears (r=0.137, p-value=0.007). r&lveas significant correlation for
female grizzly bears (r=0.246, p-value=0.001), tustatistically significant correlation
for male grizzly bears (r=0.004, p-value=0.444he Partial Mantel test showed an effect
of the highway on genetic distance for grizzly Ise@x0.098, p-value<0.0001) but not
for black bears (r=-0.008, p-value=0.725). THedafof the highway on genetic distance
was stronger for female (r=0.127, p-value<0.00@antfor male grizzly bears (r=0.068,
p-value=0.008). Using Monmonie’s algorithm, we dat detect significant genetic
barriers in black or grizzly bear populations ie Bow Valley.

We found more genetic differentiation for grizblgars than for black bears across
the TCH. krwas low for both species, but higher for grizzéabs (5 =0.02) than for
black bears (§ =0.007). Visual inspection of FCA plots also rated little genetic
structuring in black bears (Fig. 3), but revealegkaetic discontinuity for grizzly bears
across the TCH with clustering of individuals frdine north and south mostly separated
across the primary multidimensional axis (Fig. Byogram STRUCTURE identified 1
population and indicated no genetic structure atklbears due to the TCH. Conversely,
STRUCTURE identified 2 populations of grizzly beé#rat clustered across the highway
(Fig. 5). STRUCTURE identified 2 male grizzly magts in the north and 6 migrants in
the south, including 1 female and 5 males. Manthefmigrants identified directly with
NGS were also detected at crossing structures €Tgbl The number of male grizzly

migrants STRUCTURE identified was comparable tortheber identified at crossings
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and via NGS (Table 1).

Parentage analysis revealed 27 parent-offspriirg fta black bears and 48 for
grizzly bears. We used 136 grizzly bears and 18&kibears in our parentage anlaysis,
including 23 grizzly bears and 4 black bears thatendentified from mortalities, bear
management actions or during the pilot study atitdife crossing structures
(Clevenger and Sawaya 2010). Many of the malefemale bears using wildlife
crossings are successful breeders, including ®folif black bears (Table 2) and 4 out of
15 grizzlies (Table 3). We identified 27 black betspring-parent pair triads and many
of the offspring were assigned to parents (18 pateand 7 maternal relationships) that
used crossing structures to traverse the TCH. Mdiispring were also assigned to
parents (6 paternal and 6 maternal relationshiyzg)used crossing structures to traverse
the TCH. More grizzly bear crossers than black lbeassers were assigned to mothers
and fathers who also used the crossings (Table 3).

Bears using crossings were assigned to a higlepexge of offspring-parent pairs.
The male black bear that was detected most fretyuaintrossings had the highest
relative reproductive success of any bear, beismasd paternity in 11 out of 27 triads.
This bear mated with 5 different females and fatlearumerous offspring which were
detected on both sides of the TCH (Table 2). Oakemrizzly was assigned paternity in
5 out of 48 triads, mated with a female who fredlyamsed crossings and fathered 3
offspring who were all subsequently detected usnogsings (Table 3). Another male
grizzly assigned to the north of the TCH (p=0.9%te&d with a female from the south

(p=0.99) and produced a female offspring who hatbat equal assignment probabilities



129
to both populations (p=0.42 to north and p=0.58doth). All 3 bears were recovered as
mortalities that provided age information verifyitige two putative parents were adults
and the offspring was conceived in 2005, born i66&28nd died as a yearling in 2007.
The mother was detected using crossings duringitatrstudy (Clevenger and Sawaya

2010) in 2005, the year of conception.

DISCUSSION
Population fragmentation from roads can reduce aign rates and genetic diversity, yet
there is little evidence that highway mitigationasares such as wildlife crossings to
allow genetic interchange remains almost entirelynown (Corlatti et al. 2009, Kaplan
2009). We provide the first empirical evidencegehe flow occurring at wildlife
crossings by documenting migration, reproductioth genetic admixture in two wide-
ranging fragmentation-sensitive species, blackgmztly bears. We determined there
are significant differences between the effectthefTCH on black bears versus grizzly
bears, but the highway did not isolate populatiminsither species. We conclude wildlife
crossings provide genetic connectivity for two Bgrnivore species across a major
national transportation corridor that bisects ohthe world’s preeminent protected
areas.

Although distinguishing gene flow from migratiortiveen fragmented
populations is difficult, our study was able to exae three components of geneflow
separately: migration, successful reproductiongartetic admixture. New individual-

based genetic analyses are more sensitive to ogfeetent gene flow than population
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based methods (e.g s which offer better historical perspectives (Maetal 2003,
Landguth et al. 2010). Significant time lags carstefor genetic discontinuities to
develop after barrier formation (Landguth et al@@)land these time lags make it
especially difficult to detect changes in gene flowspecies with long-generation times
such as grizzly and black bears (Proctor et al2201Individual-based methods can
detect recent migration events, but many studiasuse them infer functional
connectivity from detection of inter-population magts, even though there may be huge
discrepancies between migration and gene flow $Btnay 2006). Our study was able to
demonstrate grizzly and black bear gene flow adlf@ crossing structures by
combining individual based genetic analyses witteptage analysis to document
successful reproduction and genetic admixture diteah to migration.

We observed isolation by distance patterns inkotand grizzly bears consistent
with other studies on bears in the region (Proetal 2012). Isolation by distance was
stronger for females than for males (Fig. 2), whahpredicted given average male
dispersal distances are typically greater than femligpersal distances for black and
grizzly bears. Proctor et al. (2004) estimatedsmecific dispersal distances using
genetic analysis and found females disperse 14.@keneas males disperse 41.9 km on
average in the Canadian Rockies. The long dispéistances for male grizzly bears
along with our relatively small study area probadsplain the lack of statistically
significant correlation we found between genetid gaographic distances in male
grizzly bears. The results from our Partial Mamésk indicate the TCH does not affect

genetic structure of black bears, but does affieatsire of male and female grizzlies.
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Results of k1, Factorial Correspondence Analysis and model-bakedering in
STRUCTURE concurred there is only minor structuimghe grizzly bear population
and no detectable genetic structure in black hearse Bow Valley. Detecting genetic
structure in the presence of isolation by distazarebe quite difficult, but our use of
multiple analyses to examine genetic structureaadimore powerful inference for
linking landscape features and genetic differelatia(Balkenhol et al. 2009b). The FCA
plot for black bears shows no visible genetic strrecassociated with the TCH and
indicates there is only one population with almmsnplete admixture (Fig. 3). The FCA
plot for grizzly bears shows genetic differentiat@long the primary axis and shows
clustering of individuals detected to the north andth of the TCH (Fig. 4). Output
from program STRUCTURE agreed there were two pdjuuls that clustered north and
south of the highway (Fig. 5) providing multipledis of evidence of genetic structure in
the grizzly population.

We documented extensive inter-population movemeintéack and grizzly bears
across the TCH using our 3 different methods fagramt detection. The number of male
and female black bear migrants we detected witB alkethods (Table 1) most likely
explains the lack of genetic differentiation asatai with the TCH (Fig. 3). The number
of male and female grizzly bear migrants detecteteawildlife crossings and with NGS
suggest high levels of inter-population movementb(e 1). Of the bears that we
detected on both sides of the TCH with NGS methwels; high percentages were using
wildlife crossings indicating grizzly and black beanaking inter-population movements

are highly likely to traverse the TCH at wildlifeossings as opposed to climbing over
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the exclusion fence or moving around the ends@fé¢hce (Table 1). All of the female
black and grizzly migrants detected with NGS wdse aetected using wildlife
crossings, suggesting wildlife crossing structuitedy play a particularly important role
in increasing highway permeability for female bears

Sex-biased dispersal across major highways withmtigation measures has been
well-documented in grizzly bears (Gibeau et al.2@¥octor et al 2004, Proctor et al
2012). We obtained comparable estimates of griziie migration rates with all 3
migrant detection methods (Table 1). The numbdemfale migrants we detected using
direct methods (i.e. NGS, wildlife crossings), heee was considerably higher than
using indirect, statistical methods (i.e. STRUCTUYRHE his discrepancy reveals
differences between direct and indirect methodsdentifying migrants and shows the
importance of using multiple, independent methadsxamine inter-population
movements. One to ten migrants-per generatioéas proposed as the amount
necessary to overcome genetic isolation while atigvior local adaptation (Mills and
Allendorf 1996, Wang 2004). The amount of migratacross the TCH we've
documented far exceeds the levels of movementitbald be necessary to prevent
genetic isolation, but only if migrants also sustelty reproduce on the other side.

Research suggests that many individuals that ssiags such as culverts to
traverse busy highways are juveniles and thuslikesy to successfully breed due to
their social status (Riley et al. 2006, Kaplan 2006ontrary to these findings, our results
show that relatively high percentages of black (#@%g grizzly bears (27%) using

crossings are in fact successful breeders (Tabé®iB). Interestingly, males detected
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using crossings most frequently also have the Isiglegative reproductive success of
male crossers. This suggests a positive correlétween use of crossings and number
of breeding opportunities for males, although fartbtudy is warranted to determine if
wildlife crossing use actually increases reprodigciuccess. Remote photographs have
shown the highly reproductive male black bear (Mdhle 2) aggressively pursuing
female black bears through wildlife underpassesyeagpeculate it's possible that
wildlife crossings act as meeting and courtshigssdr provide escape passages for
uninterested females. Because we only consideggtstin our paternity and maternity
assignments in order to infer directionality, wdidage that our estimates of relative
reproductive success are quite conservative; thierdireeding success of bears using
crossings is probably much higher than we’ve bdxa @ document in our study.

A higher percentage of grizzly bears than blackrbeletected at wildlife
crossings are related (Table 2 and 3). This isagirising as Sawaya et & Review
[b] ) documented a steady increase in grizzly beabasgeen 1996 and 2008, and we
speculate that some of the increase in use isado#gpring learning to use crossings
with their mothers. Remote photographs revealad ko that bear cubs and yearlings
of both bear species use crossings with their mstioetraverse the TCH, but now we
have independent proof from maternity assignmeWs. also know now that a single
family group accounted for a high percentage ofdiengrizzly bear crossings (Table 3),
therefore many of the most important crossingsweatocumented (i.e. female grizzly
bears) were from non-reproductively active beamabisto contribute to the gene pool.

The benefit to female offspring using crossings Mde that they in turn use crossings
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as independent adults after learning the behakaon their mothers. Unfortunately, none
of the three daughters in this family group suedvong enough to reach adulthood in
the Bow Valley, a place where human caused moyrtadihains high for grizzly and
black bears (Benn and Herrero 2002, Bertch and&&il2009, 2010).

Genetic admixture was detected in grizzly beansguSCA and population
assignment in STRUCTURE. Research has shown éme fjiow can be unidirectional
(Dixon et al. 2006, Howes et al. 2009), but ouuhsssuggest that geneflow at crossings
in Banff National Park occurs in both directionsass the TCH. Visual inspection of
FCA plots indicates that black bear and grizzlyrbedividuals using crossings are freely
mixing with individuals from the north and southpporting our contention that crossing
structures allow gene flow and genetic admixturtgvben populations (Figs 3 and 4).
Although we were unable to reliably assign blac&rbedividuals to populations of
origin due to a lack of genetic differentiation, W&nd evidence of genetic admixture in
black bears by detecting offspring of black beaepts that use crossings on both sides
of the TCH (Table 2). Assignment tests of griZabars indicate that male and female
grizzlies from north and south populations usesirags, providing evidence of
bidirectional gene flow and genetic admixture aissing structures (Table 3). Our
documentation of a female grizzly bear using wigltirossings to traverse the TCH and
successfully mate with a male grizzly from the hgtovides compelling, though
anecdotal, evidence of gene flow at crossing sirest

Genetic methods can be useful to infer demograghieell as genetic processes

(Lowe and Allendorf 2010). The majority of grizabgars we detected at crossings were
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assigned to the south (Table 3). In most casgsjlabon assignments were congruent
with the frequency of detections to the north arteof the TCH. Given the habitat
differences between the north and south of the TWaHspeculate that bears from the
south move north of the highway to access seagoaediilable food resources on south-
facing slopes. Black and grizzly bear detectiomees were distributed unevenly across
the landscape, with black bear locations closeo&olways and developed areas than
grizzly bears (Fig. 1). This pattern along witle thisparity in the effect of the TCH on
genetic structure between black and grizzly popardatmay reflect differences in
tolerance for human disturbance and could be assacwith inter-specific resource
partitioning.

Although the TCH appears to affect black and dyibear geneflow differently, it
is clear that male and female individuals usingsiogs structures are successfully
migrating, breeding, and moving genes across armrajescontinental highway. These
results are encouraging given that Proctor eR8l12) found genetic discontinuities in
grizzly bears in the Western United States and @ama&ere most often associated with
high traffic volume highways and human settlemeértie authors suggested that the
relatively weak genetic structure in grizzly beacsoss the TCH in Banff compared to a
section of TCH ~100 km to the west could be attedub the presence of wildlife
crossing structures. We concur that wildlife chogstructures may be helping to
counteract the effects of fragmentation on grizzdgrs across the TCH.

Before-After-Control-Impact (BACI) study designopide high inferential

strength, however few studies have used them B@sasg crossing structure
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effectiveness due to difficulties collecting dateopto road mitigation (Roedenbeck et al.
2007, McCollister and van Manen 2010). In the abseof BACI, the use of direct and
indirect methods to detect migration, successfplaguction, and genetic admixture
provides sound evidence based data to assessrtétcgeenefits of crossing structures
for wildlife populations. In conclusion, we haverdonstrated the ability of wildlife
crossing structures to provide genetic connectifatytwo fragmentation-sensitive

carnivore species across a major transcontinerghaay.
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TABLES

Table 1: Number of black and grizzly bear migrants deteetess the Trans-Canada Highway in Banff Natioaak P
Alberta, Canada using noninvasive genetic samghN@S) methods between May 2006 and October 2008.

Black bears Grizzly bears
Total M F Total M F
Total

Detected with NGS 101 46 55 113 66 47

North population
Detected to north of highway with NGS 57 24 33 73 1 4 32
Assignments to north from STRUCTURE N/A N/A N/A 69 40 29

South population
Detected to south of highway with NGS 52 28 24 54 3 3 21
Assignments to south from STRUCTURE N/A N/A N/A 44 26 18

Migrants

Detected at wildlife crossings 17 9 8 15 8 7
Detected on both sides of highway with NGS 6 4 2 11 6 5
Cross-population assignments from STRUCTURE N/A N/A N/A 8 7 1
% NGS migrants detected at wildlife crossings 83% 5%7 100% 91% 83%  100%
% STRUCTURE migrants detected at wildlife crossingdN/A N/A N/A 13% 29% 0%

* Three different criteria were used to identifygrants: detections at wildlife crossings, NGS da&des spanning the
highway, and repeated cross-population assignnrept®gram STRUCTURE (Pritchard et al. 2000); klac
bear assignment probabilities were too low folaldé population assignment.
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Table 2: Summary information for black bears detected atlvfé crossing structures in Banff National Parlhéxta,
Canada between May 2006 and October 2008.

# Detections

Black bear # Crossings # Offspring # Mates Mother Father North South Population assignment

F1 21 0 0 1 2 N/A
F2 11 3 1 F7 M1 3 1 N/A
F3 8 1 1 3 0 N/A
F4 3 0 0 0 6 N/A
F5 2 0 0 1 0 N/A
F6 1 0 0 3 0 N/A
F7 1 3 1 3 0 N/A
F8 1 0 0 0 0 N/A
M1 24 11 5 3 2 N/A
M2 11 2 1 1 1 N/A
M3 5 2 1 1 0 N/A
M4 5 0 0 0 0 N/A
M5 4 2 2 0 0 N/A
M6 2 0 0 0 2 N/A
M7 2 0 0 1 1 N/A
M8 1 1 1 3 0 N/A
M9 1 0 0 1 0 N/A

* Bear ID (F=female, M=male), number of crossingsmber of offspring, number of mates, ID of motiieshe was

detected at the crossings, ID of father if he detgcted at crossings, number of detections tdrmorsouth of
Trans-Canada Highway, and population assignmeatrdered using program STRUCTURE (Pritchard et
al. 2000); bears were ranked according to thembyer of crossings. Assignment probabilities werelow for
reliable population assignment of black bears.
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Table 3: Summary information for grizzly bears detected édife crossing structures in Banff National Paftberta,

Canada between May 2006 and October 2008.

# Detections

Grizzly bear # Crossings # Offspring # Mates Mother Father North South Population assignment
F1 18 3 1 1 2 South
F2 9 0 0 22 1 North
F3 7 0 0 F1 M1 1 17 South
F4 4 0 0 F1 M1 1 8 South
F5 4 0 0 4 1 North
F6 3 0 0 F1 M1 0 1 South
F7 2 3 2 0 6 South
M1 34 5 2 16 58 South
M2 29 0 0 3 36 South
M3 15 0 0 7 26 South
M4 7 0 0 F7 M6 12 8 South
M5 6 0 0 3 2 North
M6 4 1 1 0 34 South
M7 1 0 0 0 25 North
M8 1 0 0 F7 0 0 South

* Bear ID (F=female, M=male), number of crossingsmber of offspring, number of mates, ID of motiieshe was
detected at the crossings, ID of father if he detected at crossings, number of detections ti morsouth of
Trans- Canada Highway, and population assignuohetermined using program STRUCTURE (Pritchard et
al. 2000); bears were ranked according to thamlver of crossings.
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FIGURE LEGENDS

Figure 1. Detection centers for individual black and grizkbars detected using
noninvasive genetic sampling methods in the Boweyabf Banff National Park (BNP),
Alberta, Canada between 21 April and 31 Octob&0i6-2008.

Figure 2. Plots of geographic distance in meters vs geugtiance (Nei 1983) to
examine Isolation By Distance patterns in black lmeales (A), females (B), and grizzly
bear males (C) and females (D) detected in the Balley of Banff National Park,
Alberta, Canada between 21 April and 31 Octobe622W08.

Figure 3. Factorial Correspondence Analysis plot from progGENETIX (Belkhir
1999) showing multidimensional clustering of indival black bears detected north and
south of the Trans-Canada Highway in Banff Natidralk, Alberta, Canada using
noninvasive genetic sampling methods. Individa@ected at wildlife crossing
structures are displayed as “crossers”.

Figure 4. Factorial Correspondence Analysis plot from progGENETIX (Belkhir

1999) showing multidimensional clustering of indival grizzly bears detected north and
south of the Trans-Canada Highway in Banff Natidralk, Alberta, Canada using
noninvasive genetic sampling methods. Individa@ected at wildlife crossing
structures are displayed as “crossers”.

Figure 5. Output from program STRUCTURE (Pritchard et al. @0$howing clustering
of grizzly bears detected north (1) and south {2Zhe Trans-Canada Highway in Banff
National Park, Alberta, Canada using noninvasiveeie sampling methods.

Figure S1.Noninvasive genetic sampling locations used tostigate the ability of
wildlife crossing structures to provide genetic geativity for grizzly and black bear
populations in the Bow Valley of Banff National R§BNP), Alberta, Canada between
21 April and 31 October of 2006-2008. We monito28dwildlife crossing structures
with a hair sampling system developed by CleveagerSawaya (2010), 420 hair traps,
and 497 bear rubs; we did not monitor 5 wildlifessings due to high levels of human
use and low levels of bear use (i.e. passagesieest from track pads).
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Figure 5
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Supplemental Information

Table S1:Microsatellite marker variability for 113 grizzlyelrs and 101 black bears
detected with noninvasive genetic sampling in B&#tional Park, Alberta, Canada.

Grizzly bears Black bears

Locus N Na Ho He N Na Ho He
G10J 113 6 0.78 0.76 101 12 0.89 0.86
G1lA 113 6 0.730.74 101 9 0.72 0.76
G10B 113 9 0.77 0.81 101 7 0.78 0.81
G1D 113 12 0.86 0.84 101 10 0.830.81
G10H 113 9 0.800.79 101 14 0.92 0.89
G10M 113 6 0.750.73 101 11 0.94 0.82
G10P 113 6 0.61 0.66 101 9 0.850.84
Gl10C 113 6 0.530.54 100 9 0.77 0.78
G10L 113 4 0.58 0.56 101 13 0.86 0.84
G10uU 113 8 0.42 042 101 11 0.830.80
G10X 113 6 0.27 0.27 101 11 0.89 0.87
CXX20 113 6 0.52 0.55 101 8 0.720.77
CXX110 113 9 0.850.83 101 10 0.83 0.80
MU50 113 8 0.64 0.62 101 8 0.58 0.60
MU59 113 8 0.70 0.72 101 8 0.880.82
MU23 113 6 0.830.76 99 8 0.67 0.68
145P07 113 5 0.59 0.66 99 11 0.88 0.84
Msut2 113 6 0.66 0.70 99 9 0.87 0.83
Mu51 113 6 0.78 0.73 99 2 043 0.43
CPH9 113 5 0.500.54 99 8 0.64 0.73
Mean 113.00 6.85 0.66 0.66 100.45 9.40 0.79 0.78

SE 0.00 0.42 0.03 0.03 0.20 0.57 0.03 0.02
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Figure S1
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CONCLUSION

Successful conservation of carnivores is depenalen¢liable estimates of
population parameters which wildlife managers neeespond timely to threats and
adapt management strategies before populationstgwe Human-caused carnivore
extirpation has been rapid and widespread duedcoeaploitation and population
fragmentation, but new research opportunities neost €0 understand these impacts that
were unthinkable not long ago. Over the coursmyftioctoral research, | found that a
wide array of noninvasive genetic sampling (NGSjhuods can be used, alone or in
combination, to estimate demographic and genetanpeters for large carnivore
populations in the Rocky Mountains.

In Chapter 2, | studied cougars in Yellowstd&dational Park and was able to
demonstrate that issues with NGS such as genotgpimogs can be overcome with
careful analysis procedures. | showed that redigleinetic data can be generated from
carnivore hair samples collected in the field. dsvalso able to develop a new method for
DNA collection from bed sites and natural hair s1égg. broken branch tips, thorn
bushes) while following cougar tracks in snow. sTimethod could be applied at larger
scales over longer time periods to estimate abuwedand population growth rates for
cougars and other carnivore species in similaratiés.

In Chapter 3, | showed that one of the fetat@dsshed NGS methods for bear
population enumeration, hair traps, may not perfasmvell as bear rub surveys for
estimating grizzly bear abundance in Banff Natidpatk. | also found that hair traps

performed better than bear rub surveys for detgatidividuals and estimating
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abundance of black bears. | estimated realizedlptpn growth rates for grizzly bears
using data from bear rubs and found that the péipulanay have declined in the Bow
Valley during my study. In light of my results atige current status of grizzly bears in
Alberta, | strongly recommend that wildlife managyenmediately begin a population
trend monitoring program in the Canadian Rocky Mauns based on bear rub surveys.

In Chapters 4 and 5, | used the genetic datacted from black and grizzly bear
populations in Banff National Park to add contextiata from wildlife crossing
structures collected using a novel hair samplirgjesy. This comparison allowed me to
address pressing questions in road ecology retatdee population-level effectiveness of
wildlife crossing structures. | conclude that Wiflel crossing structures provide
demographic and genetic connectivity for ursid gapons in Banff National Park;
however, further studies using Before-After-Comirapact study design or Population
Viability Analysis are necessary to understandabidity of crossing structures to
facilitate gene flow, increase survival, or enhapopulation viability.

With growing human pressures must come nethoas for understanding and
mitigating ever-expanding threats to biodiversiiy dissertation reflects a natural
progression for me as a doctoral student and ssiex®t | addressed increasingly complex
ecological questions all while using data gener&taa hair samples. I've shown that
NGS can be effectively used to estimate abundaraézed population growth rates,
apparent survival, migration rates, genetic stngcand gene flow. In summary, I've
demonstrated that NGS can provide efficient andlvkd alternatives to conventional

methods for monitoring large carnivore populationthe Rocky Mountains.
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