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Dear Folks;

We've attached four research papers and reference a fifth that you should have in
the planning records. These papers deal with the movement of grizzly bears into
previously occupied habitats, including movement into areas now heavily occupied
by humans and their developments, resulting in what is known as “ecological
traps.” All of these papers to some degree call into question the prevailing attitude
on the part of the Forest Service and Fish and Wildlife Service that the NCDE grizzly
bear population has recovered, is increasing steadily at over 2% per year, is
expanding it range due to population pressures, and should have its protections
under the ESA removed.

We will discuss briefly each of these papers and urge that the agencies adopt a more
conservative approach to grizzly bear recovery. It is high time to recognize the
increasing negative effects human developments are having on grizzly bear, to carry
forward and finish implementing Amendment 19, to extend A19 protections to other
areas needed for population expansion and dispersal, and to recognize DEIS
Alternative C as the preferred alternative and not regard it solely as an outlier or
benchmark.

We also incorporate by reference the comments submitted by Friends of the Wild
Swan today and, in turn, the comments submitted by Montana Ecosystems Defense
Council.

Lamb et al. 2016 - “Forbidden fruit: human settlement and abundant fruit create
an ecological trap for an apex omnivore.”

This paper describes the phenomena of an “ecological trap” in Canada resulting
from grizzly bears putting themselves at significant risk to pursue berries in an area
of high human density.



... an ecological trap (ET) can occur when an animal is presented with novel
conditions and the animal’s assessment of habitat quality is poorly matched to its
resulting fitness . . . Our results demonstrate that a valley high in both berry
resources and human density was more attractive than surrounding areas, and
bears occupying this region faced 17% lower apparent survival. Despite lower
fitness, we detected a net flow of bears into the ET, which contributed to a study-
wide population decline.

Hale et al. 2015. “Evaluating the metapopulation consequences of ecological
traps.”

This paper looks more broadly at ecological traps and concludes:

Ecological traps are likely to become increasingly common as humans continue
to dramatically alter the landscape . . . Incorporating traps into management and
conservation practices will require close tracking of changes both in ‘real” and
perceived habitat quality over time, and a greater consideration of animal
behavior.

Mowat and Lamb 2016. “Population status of the South Rockies and Flathead
grizzly bear populations in British Columbia, 2006-2014.”

This paper contends with short-term population declines and recovery in southern
B.C., Canada:

The grizzly bear population north of Highway 3. . . declined about 40% between
2006 and 20013 . . . South of Highway 3, in the Flathead valley, the population
declined between 2007 and 2010 and increased from 2010 to 2014 . . . which
suggests the decline McLellan (2015) observed was geographically broader than
his study area . . . the population decline . . . was probably precipitated by a
decade of poor forage production which occurred during a series of summers
that were unusually dry compared to the previous two decades.

Mikle et al. 2016. “Demographic mechanisms underpinning genetic assimilation
of remnant groups of a large carnivore.”

This paper uses DNA parentage analysis from 2004 - 2012 to examine the influence
of dispersing grizzly bears on genetic diversity in portions of the NCDE:

Despite the significant increase in genetic diversity, nearly all (37/45 - 82%) of
the southernmost females detected in the SE periphery descended from three
females, illustrating a trend that is likely to continue at the expansion front due
to male-biased dispersal of grizzly bears . . . Edge populations may be
particularly important sources of genetic diversity that may enable species
persistence particularly in changing environments . . . Numerous populations of



carnivores persist as remnants, largely due to habitat fragmentation and
persecution, with climate change expected to exacerbate the problem . . . Patterns
of genetic diversity in populations are dynamic in space and time, particularly
for species undergoing changes in population dynamics and geographical
distributions. Extreme changes can occur in less than a single generation and are
surprisingly idiosyncratic and stochastic . . . As such, we suggest caution when
making landscape-scale conservation and management decisions based on a
single sampling snapshot in time.

In other words, the current dynamics in the NCDE and its Canadian counterpart
cannot be explained as simply as the DEISs and FWS would like to. It is dangerous
and wrong to describe the NCDE population as recovered and increasing steadily at
over 2% per year, multiplying Kendall’s 2004 population estimate by that percentage
to claim there are some 1,000 grizzly bears today. It is equally dangerous and wrong
to claim or imply that the dispersal of bears outside the initial recovery zone is a sign
that the population is so robust that bears are being pushed out of their habitat by
other bears.

Indeed, Mace and Waller’s 199 “Demography and population trend of grizzly bears
in the Swan Mountains, Montana” (Conservation Biology Vol.2, No. 5, Oct. 1998)
found the population there to be declining 2.3% per year. Moreover, they found:

Our mortality, movement, and occupancy data suggest that the multiple-use
zone is a population source area, and that wilderness and rural zones are sink
areas ... We recommend . . . protecting core areas on public lands of superior
habitat through access management . . .

This source-sink dynamic found by Mace and Waller is not unlike the ecological trap
phenomena documented by Lamb and others, with bears moving off the Swan Crest
to seek lower elevation foods in often hostile and lethal habitats in the Swan Valley.

Researchers never have provide an explanation for continued demographic
problems in the wilderness, leaving one to ponder whether the population there is
still suffering from being hunted up until 1991, is still suffering from “shoot, shovel
and shut up” mortality associated with big game hunting and other recreation, or is
simply afforded drier and less productive habitats there. The agencies don’t appear
to want to describe how ecological traps and source-sink population dynamics fit
into their rosy picture of a recovered and thriving NCDE bear population.

The above research calls into question the very conclusions and methods upon
which “recovery” and “range expansion” are being based. Nowhere do the DEISs
and FWS give serious consideration to alternative explanations of why grizzly bears
may disperse into hostile territory to meet their nutritional needs, with greatly
increased risks of mortality. Nowhere do the DEISs or FWS propose substantial
habitat and bear protection measures to truly allow bears to disperse, take up
residence, and link the NCDE with other ecosystems - rather than more likely
simply ending up dead in ecological traps.



Nor have the DEISs or FWS ever measured NCDE habitat quality, quantity and
security against “habitat-based recovery criteria” before claiming the population
recovered. Nor, as explained in our 9/8/16 comment letter, do the DEISs or FWS
provide habitat management standards that would either truly maintain 2011 levels
of habitat conditions or continue to improve upon them as promised in existing
Forest Plans.

We ask that you give serious consideration to this letter and the attached research
papers. We ask that you err on the safe side in the face of climate change and
increasing human impacts to bears and their habitat. We urge you to look to the
future, recognize the conservation legacy the Flathead should and must provide,
revise Alt. C to include A19, and make it your preferred alternative.

As you wrote of Alt. C on page 27 of DEIS Vol. 1, "this alternative would provide the
highest habitat security and connectivity for species that may be sensitive to higher
levels of human disturbance." It will provide even more by also providing the
habitat security and connectivity promised under A19.

Thank you for this opportunity to comment.

Sincerely,

Kettn-

Keith J. Hammer
Chair

Attachments:

1. Lamb et al. 2016

2. Hale et al. 2015.

3. Mowat and Lamb 2016.

4. Mikle et al. 2016.
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Summary

1. Habitat choice is an evolutionary product of animals experiencing increased fitness when
preferentially occupying high-quality habitat. However, an ecological trap (ET) can occur
when an animal is presented with novel conditions and the animal’s assessment of habitat
quality is poorly matched to its resulting fitness.

2. We tested for an ET for grizzly (brown) bears using demographic and movement data col-
lected in an area with rich food resources and concentrated human settlement.

3. We derived measures of habitat attractiveness from occurrence models of bear food
resources and estimated demographic parameters using DNA mark-recapture information
collected over 8 years (2006-2013). We then paired this information with grizzly bear mortal-
ity records to investigate kill and movement rates.

4. Our results demonstrate that a valley high in both berry resources and human density was
more attractive than surrounding areas, and bears occupying this region faced 17% lower
apparent survival. Despite lower fitness, we detected a net flow of bears into the ET, which
contributed to a study-wide population decline.

5. This work highlights the presence and pervasiveness of an ET for an apex omnivore that
lacks the evolutionary cues, under human-induced rapid ecological change, to assess trade-
offs between food resources and human-caused mortality, which results in maladaptive habi-
tat selection.

Key-words: apex species, attractive sink, bear, capture-recapture, compensatory immigration
hypothesis, huckleberry, maladaptive habitat selection, mark-recapture, population growth,
Ursus arctos

. the landscape tends to occur more rapidly than cues
Introduction . -
evolve to guide an animal’s response to landscape changes

Animals tend to use a series of cues established over evo- (Robertson, Rehage & Sih 2013; Hale & Swearer 2015).

lutionary time to select habitats that maximize their fit-
ness (Darwin 1859; Fretwell & Lucas 1970). However,
maladaptive habitat selection can occur when novel condi-
tions decouple the link between habitat quality and fit-
ness, resulting in an ecological trap (referred to as ET
hereafter; Dwernychuk & Boag 1972). ETs and human
activity are often associated because human alteration of

*Correspondence author. E-mail: ctlamb@ualberta.ca
TPresent address: 6899 Wiltshire Street, Chilliwack, BC V2R 2T2,
Canada

For an ET to exist, (i) individuals must show equal or
greater selection for trap habitat relative to surrounding
source habitats, (ii) the fitness of individuals using trap
habitat must be lower than the fitness of individuals not
using the trap, and (iii) to have persistent, population-
level effects, animals must move from source habitats into
the ET (Robertson & Hutto 2006; Runge, Runge &
Nichols 2006; Hale & Swearer 2015; Hale, Treml &
Swearer 2015). Although ETs have been reported in a
number of studies (Hale & Swearer 2015), few cases
meet all of the above criteria, and we know of no
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examples in large mammals. For example, Balme, Slotow
& Hunter (2010) and van der Meer et al. (2013) highlight
source-sink dynamics for African carnivores across the
landscape but do not link this dynamic to truly attractive
habitat, the key tenet of an ET. Similarly, Nielsen, Sten-
house & Boyce (2006) and Northrup, Stenhouse & Boyce
(2012) provide evidence of grizzly bear selection of habi-
tats associated with high mortality, but do not assess if
this results in lower fitness or source—sink dynamics.

Apex consumers are highly vulnerable to ETs because
they typically lack natural predators (Ripple et al. 2014)
and may not perceive or avoid novel sources of risk such
as human predation (Robertson, Rehage & Sih 2013).
Consequently, conflicts with humans for space have
resulted in severe range reductions for apex consumers
globally (Morrison et al. 2007; Ripple et al. 2014; see griz-
zly bear example in Fig. 1). Conflict with humans is a
ubiquitous concern for species in the Ursidae family, and
the main drivers of conflict are anthropogenic food
sources and expansion of human settlement (Can et al.
2014). Here we provide evidence for an ET for a wide-
ranging, apex omnivore, the grizzly (brown) bear (Ursus
arctos). Grizzly bears have high nutritional demands in
preparation for hibernation (McLellan 2011; Lopez-
Alfaro et al. 2013); therefore, areas with both attractive

food resources (natural or anthropogenic) and a high risk
of human conflict could produce an ET for grizzly bears.
At a fine scale, this mechanism is shown in grizzly bear
selection for roads. In areas where road density is high,
human-bear conflicts increase and grizzly bear fitness is
severely reduced (Boulanger & Stenhouse 2014). However,
bears do not consistently avoid roads and often select for
spring forage along roadsides (Nielsen ez al. 2002), which
highlights a potential mismatch between perceived habitat
quality and realized fitness benefits.

Grizzly bears in the Rocky Mountains select habitats
with fruit resources (Nielsen et al. 2003, 2010), which
increase fitness in the absence of human settlement
(McLellan 2015). Our study focused on a region with
abundant fruit resources for bears and locally concen-
trated human settlement. Human-caused mortality is the
primary cause of death for grizzly bears, particularly in
the southern portion of their range (McLellan, Hovey &
Mace 1999), due to both hunting and non-hunting sources
of mortality [e.g. conflicts with humans, road and railway
strikes and poaching (Mowat & Lamb 2016)]. Conse-
quently, we predicted an ET in our study area where
abundant fruit resources and human settlement co-occur.

We tested the hypothesis that an area with intensive
human development and rich food resources would
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Fig. 1. Current and historical distribution of grizzly bears across North America (left) with Human Influence Index shown from high to
low influence (HII, Wildlife Conservation Society — WCS, and Center for International Earth Science Information Network — CIESIN —
Columbia University 2005). Middle: The eastern range margin of grizzly bears, showing the ‘cookie cutter’ grizzly bear range reduction
resulting from human influence. Right: Proposed ecological trap area in south-east British Columbia, an area of both concentrated
human settlement and rich bear habitat. Current distribution from most up-to-date local distributions from COSEWIC (2012),
MFLNRO (2012), Rovang (2013), and historical distribution from Mattson & Merrill (2002) and COSEWIC (2012).
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produce fitness consequences for a population of grizzly
bears because of decreased survival in the trap and net
immigration into the trap from adjacent source popula-
tions. We determined whether (i) the trap habitat was of
equal or greater attractiveness than surrounding habitats;
(ii) survival and/or reproduction in the trap habitat were
reduced and insufficient to meet replacement; and (iii)
bears from more remote areas moved into the trap habi-
tat. Satisfying all three conditions would provide strong
evidence for the presence of an ET.

Materials and methods

STUDY AREA

The study area covers 10 600 km? of the Canadian Rocky Moun-
tains in south-eastern British Columbia (BC; Fig. 2). The region
is bounded by the continental divide (BC—Alberta border) to the
east, the Canada—United States border to the south, the Koote-
nay River, Rocky Mountain Trench and Wigwam River to the
west, and the Palliser River to the north.

| E=astudy Area
— Highway
== Trap Strata
Mortality Type
A Hunter

| =P Non-hunter

| ¢ City/Town

| == BC-AB Border

| = USA Border

Elevation (m)
High : 3398

Fig. 2. Study area for the South Rockies Grizzly Bear Project,
and locations of all recorded human-caused grizzly bear mortali-
ties between 2006 and 2014 in south-east British Columbia,
Canada. The Trap stratum buffers the highway (red line) and is
shown as the polygon enclosed by the thick purple broken line.
The recorded human-caused grizzly bear mortalities from 2006 to
2014 are shown by hunter (black triangle) and non-hunter (white
cross) symbols. Towns are shown as yellow stars. Grizzly distri-
bution in North America is shown in dark grey on the inset map.
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There are approximately 12 000 people (Canadian population
census 2006, 2011) residing in the area year-round, with a major
influx of tourists during the summer months. The majority of
human settlement occurs in the valley bottoms bordering the Elk
and Kootenay rivers. Many highways intersect or border the
region (Hwy 3, 43, 93, and 95), with high traffic volume during
the summer months (>18 000 vehicles per day; BC Ministry of
Transport). A railroad (Canadian Pacific Railway) follows the
highway from Cranbrook to Elkford and continues to Alberta
via Crowsnest Pass. The study area has abundant grizzly food
resources, which are responsible for local bear densities exceeding
77 bears/1000 km? in the 1980s (McLellan 1989); the highest
recorded interior grizzly densities in North America. Currently,
bear density across the region is high and female skewed [F: 28
(£6-8) and M: 15 (+2-7)/1000 km?; Mowat es al. 2013].

To assess the potential for an ET, we divided the study area
into three strata based on known concentrations of bear mortali-
ties and human habitation in the region (Fig. 2). An ET stratum
(hereafter referred to as the Trap) was created by buffering set-
tled areas and highways by the average radius of a grizzly male
home range in the region (11-2 km, Apps et al. 2004), amended
to local topography (Fig. 2). Because grizzly female home ranges
are smaller than those of males (Apps et al. 2004; Graham &
Stenhouse 2014), both male and female bears residing outside the
Trap buffer should have home ranges that generally do not over-
lap the highway, or have relatively little interaction with the high-
way and associated settled areas, the main area of reported
grizzly bear mortality in this region (Fig. 2). We used relocations
from collared grizzly bears in the Trap stratum to ensure our buf-
fer encompassed the collared bears residing in the area (Apps
et al. 2007). The remaining two strata consisted of the regions to
the north and south of the Trap stratum, to the bounds of the
study area, hereafter referred to as North and South, respectively
(Fig. 2). For each stratum, we summarized the habitat attractive-
ness, local demography and movements between neighbouring
strata.

HABITAT ATTRACTIVENESS

Black huckleberry (Vaccinium membranaceum, generally ripe
between August 1 and September 15) and Canada buffaloberry
(Shepherdia canadensis, generally ripe between July 1 and August
15) are attractive to grizzly bears (McLellan & Hovey 2001a;
Nielsen et al. 2003, 2010), and consuming these high-energy foods
confers fitness benefits in the absence of humans (Welch er al.
1997; McLellan 2011, 2015). As a result, we used the occurrence
of these two species across the landscape to provide a representa-
tive measure of habitat attractiveness for grizzly bears. We built
occurrence models for both fruiting shrub species using multivari-
ate logistic regression and occurrence records from 1779 vegeta-
tion plots (20 x 20 m) conducted within the study area. Plots
were stratified by biogeoclimatic features to ensure representation
of widely differing ecological conditions. Using these data, we
modelled berry species occurrence as a function of environmental
variables hypothesized to predict occurrence, including climate,
soil, topographic and fire variables (see Appendix S1, Supporting
Information). We built models and occurrence maps and derived
stratum-specific predictions of fruit occurrence using program R
(R Core Team 2016). Occurrence records for each species were
randomly divided into training (85%) and testing (15%) groups
for model development and validation, respectively (Nielsen et al.
2005). We fit each of the eight models to the data and tested the
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fit of the data to the model using Akaike’s Information Criterion
(AIC, Akaike 1974). The model with the lowest AIC score was
considered the most parsimonious model, which we retained as
our top model. The training data were used to assess the pre-
dictability of the top model using receiver operating characteristic
(ROC) and the area under the curve (AUC) (Fawcett 2006)
statistics.

We quantified a per-capita landscape occurrence of each fruit-
ing species by dividing the total area of predicted fruit occurrence
within each stratum by the abundance of bears occupying the
stratum. We used this measure as an index to portray the avail-
ability and attractiveness of fruit resources in each strata, as the
absolute area of fruit occurrence realized by a grizzly bear will
depend on the degree of home range overlap and the per cent
cover of each species within the occupied cells. Nevertheless, we
believe this index accurately represents the relative per-capita
availability of fruit resources in each stratum.

DEMOGRAPHY

We used DNA-based mark-recapture to estimate demographic
parameters, and thereby population growth rate, which provides
a measure of the mean individual fitness (Fisher 1930) for each
stratum. Grizzly bear hair samples were collected over a period
of 8 years (2006-2013) using two types of genetic sampling: lured
bait sites and rub objects. A total of 482 bait site and 406 rub
object locations were sampled between 2006 and 2013, for a total
of 1066 bait site sessions and 2748 rub object sessions. In total,
we recorded 1346 mark and recapture events (unique bear-session
detection events) of 489 individuals. Further details on field sam-
pling and individual identification through multilocus microsatel-
lite genotyping can be found in Appendix S3.

Capture histories were constructed for each stratum from
DNA capture-recapture data and analysed using a Pradel robust
design model (PRDM, Pradel 1996; Nichols et a/. 2000) for open
populations implemented in program MArk (White & Burnham
1999) using the RMark package (Laake 2013) accessed in pro-
gram R. We estimated apparent survival (¢), apparent recruit-
ment (f), realized population growth (L), abundance (N) and
probability of capture (p) for each of the three strata (North,
Trap, and South). The PRDM is a combination of the Pradel
estimator (Pradel 1996), which estimates demographic parameters
of open populations (Nichols & Hines 2002), and the Huggins
formulation of the closed population design, used to estimate
detection probabilities and population size (Huggins 1991). The
robust design is based on multiple sampling sessions (years, in
our case), and within each sampling session, multiple secondary
sessions are nested (Gardner et a/. 2010). The annual capture his-
tories for each stratum are comprised of two bait site and one
rub tree session per year, except in 2012, when we only deployed
rub trees and had four secondary sessions. We split rub trees and
bait sites into separate sessions as these traps are known to have
different capture probabilities (Boulanger et al. 2008b; Lamb,
Walsh & Mowat 2016).

The PRDM estimates ‘apparent’ survival because actual mor-
tality cannot be distinguished from emigration (i.e. in both cases,
the bear is never recaptured in the population). Similarly, ‘appar-
ent’ recruitment is estimated because detection of a new individ-
ual is indistinguishable from the detection of an individual
moving into the stratum (i.e. in both cases, a new bear is cap-
tured that had not been previously detected). The resulting

measure of realized population growth (A) is simply the sum of
the probability of entering the population [apparent recruitment
(f)] and the probability of remaining in the population [apparent
survival (¢)] (Nichols & Hines 2002). We met all assumptions of
the PRDM (for information on assumptions and further detail
on modelling methods, see Appendix S3). Statistical comparisons
between parameters were made using two-tailed Z tests. We con-
ducted a sensitivity analysis to ensure our demographic inferences
were not affected by buffer choice (Appendix S5).

The province of British Columbia has kept records of all
known human-caused grizzly bear mortalities since 1978 as part
of compulsory inspection. The data base includes the date, loca-
tion and cause of death, as well as the sex, age and skull size for
each individual. We used these data in conjunction with the
abundance estimates generated by our capture-recapture model
to calculate annual human-caused mortality rates for all strata.
For each stratum, we calculated mortality rates using the average
abundance of grizzly bears across all years and averaged annual
hunter and non-hunter mortalities using mortality data between
2006 and 2014.

Although reporting of grizzly bear mortalities is mandatory,
approximately half of all non-hunting, human-caused grizzly bear
mortalities are not reported (McLellan, Hovey & Mace 1999). To
account for this, we inflated all reported non-hunting mortalities
by a factor of two following the estimate from McLellan, Hovey
& Mace (1999), which we later validated using the estimated sur-
vival rates for each stratum (Appendix S4) as these estimates are
generated independent of the mortality data. Statistical compar-
isons of mortality rate between strata were made using analysis
of variance (aNova) and the associated post hoc Tukey HSD test
(further information on methods, equations and validation can
be found in Appendix S3).

MOVEMENT

One of the limitations of apparent recruitment estimates is ambi-
guity between recruitment of cubs and movements from else-
where. We combined information from our mark-recapture
sampling with records of human-killed bears from the compul-
sory inspection data base to identify the effects of movement
between strata on apparent survival and recruitment for each
stratum. We successfully genotyped samples from 102 of the 163
recorded human-caused grizzly bear mortalities in the study area
since 2006, and we matched these to genotypes of bears in our
capture-recapture sample using a genetic match test of all nine
microsatellite markers. Our capture-recapture sample included 56
of the 102 bears that were killed and produced a genotype. Using
these data, we investigated the movement of bears that were
killed and used a two-tailed proportion test in R to test whether
there were more bears entering the Trap than leaving it (further
information on methods and equations used can be found in
Appendix S3). We chose to use the movements of bears that were
first detected live and later identified as a mortality in the com-
pulsory inspection data base (live—dead), as opposed to bears that
were still alive in our population (live-live, i.e. caught live and
still alive at last capture). Using the movements of the live—dead
bears required us to assume less about the endpoint of the bear’s
movement since the location of the mortality is final, and there
could be no further dispersal.

Dispersal in grizzly bears is male and subadult biased (McLel-
lan & Hovey 2001b; Proctor & McLellan 2004; Graham &
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Stenhouse 2014). Therefore, if bears move from elsewhere into
the Trap, we predicted the age structure in the trap to be skewed
towards young male bears. We used the human-killed bear data
to measure the age structure, and our population estimates to
measure sex ratios of bears in each stratum. Statistical compar-
isons between strata were made using analysis of variance
(ANovA) and the associated post hoc Tukey HSD test (further
information on methods, equations and validation can be found
in Appendix S3).

Results

HABITAT ATTRACTIVENESS

The best huckleberry model included per cent of area
burned, per cent sand, average winter temperature, precip-
itation as snow, canopy cover, average pH, slope and
solar heat load (Table S3). The best buffaloberry model
was similar to that found for huckleberry, but the summer
climate better explained occurrence for this species
(Table S3). Both models displayed good model accuracy
for predicting occurrence using testing data (AUC, huck-
leberry = 0-855 + 0-016,  buffaloberry = 0-791 + 0-031).
These are the most predictive models published for either
species in the Kootenay Region (Hobby & Keefer 2010).

Huckleberry occurrence decreased with latitude, while
buffaloberry was more evenly distributed (Fig. S1). Huck-
leberry and buffaloberry showed very little spatial overlap
with <6% of berry occurrence cells containing both
species.

Fruit-producing shrubs (huckleberry and buffaloberry)
covered a greater proportion of the Trap stratum (0-44)
than the North (0-29) or South (0-37) strata. Similarly, the
per-capita availability of these species was highest in the
Trap stratum (24-8 km? per bear) than the North (7-0 km?
per bear) or South (9-3 km? per bear) strata (Fig. 3a).

DEMOGRAPHY

Estimates of grizzly bear demography across strata were
within the standard target for robust estimates of popula-
tion size (Pederson et al. 2012), a coefficient of variation
(CV) <20% (CV = 7-2-16-6%, Table 1). Average annual
capture probabilities were similar between strata and to
previous work on this species (Trap = 0-35 + SE = 0-04,
North = 0-40 + 0-04 and South = 0-40 + 0-05; Boulanger
et al. 2008a). Covariates that best explained variations in
capture probability included sex of the bear, the type of
trap used (rub object or bait site), trapping effort, time of
year, year of sampling and a project-specific covariate
(full model selection table can be found in Appendix S4,
Table S6). Males had higher capture probabilities than
females, and bait sites detected more bears than rub
objects with effort (trap nights) being positively related to
detection (Lamb et al. 2016).

Grizzly bears attained the highest estimated densities in
areas of low mortality (Fig. 3d, Table 1). Estimated
human-caused mortality rates were approximately three
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times greater in the Trap than in adjacent strata
(P <0-0001 between all strata except North-South where
P =091, Fig. 3d). Estimated apparent survival rates were
lower in the Trap (¢ =0-65 + SE =0-053) than in
surrounding areas (North ¢& = 0-79 + 0-020, and South
¢ = 0-78 £ 0-037), and also differed statistically in Trap—
North and Trap-South comparisons (P < 0-05) but not in
North-South comparisons (P = 0-79) (Fig. 3b). Valida-
tion of non-reporting rate suggested the non-hunter *2
correction was conservative for the Trap (Mowat & Lamb
2016, Appendix S4).

Apparent recruitment rates were highest in the Trap
(f=0-27 £ SE = 0-058), which was marginally higher than
in the North (f= 0-16 £ 0-023, P = 0-09), but not higher
than in the South (f=0-19 £ 0-038, P = 0-25, Fig. 3c),
with no statistical significant difference detected between
the North and South (P > 0-56). All strata demonstrated
annual growth rates below 1: Trap = 0-92 + SE = 0-040,
North = 0-95 4+ 0-023 and South = 0-97 £+ 0-037, P > 0-05
for all comparisons.

MOVEMENT

A large proportion of the mortalities that occurred in the
Trap stratum were bears previously detected in the North
(26%) or South (18%), while few North (5%) and South
(0%) strata mortalities were bears first detected in the
Trap stratum. Of the movements we documented, the pro-
portion of bears that moved into the Trap and died (0-43)
was greater than those leaving the Trap and dying (0-04)
(P =0-003, Fig. 3f,g). This difference is not simply a
function of decreased survival rates in the Trap because
there were 10 times more detections of bears that moved
into and died in the Trap than moved out of the trap and
died, but only 1-6 times greater mortality risk in the Trap
compared to adjacent strata (Fig. 3b). The remaining pro-
portion of movements (0-53) were within individual
strata.

Average age of bears killed was approximately 3 years
younger in the Trap (mean = 6-4 £+ 0-7 years old) than in
the backcountry regions (North; mean = 9-8 + 1-0 and
South; mean = 10-1 4+ 1-3 years old, Fig. 3e). Bears killed
in the Trap were younger (P < 0-01) than in surrounding
strata, even after accounting for the different sources of
mortalities between strata (Fig. 3d, Appendix S4). No age
differences were detected between the North and South
strata (P = 0-99) or between sexes (P = 0-56).

Average annual sex ratio in the Trap was 1:17
(£SE = 0-20) males to every female bear, but only 0-69
(£0-04) and 0-85 (£0-07) males per female in the North
and South, respectively. Sex ratios were different between
the North and Trap (P = 0-02), but not between the
South and Trap (P =0-13) or the North and South
(P =0-07). Over 60% of bears killed in the Trap were
subadults or cubs (<6 years of age), while bears of these
age classes only composed 38 and 24% of the recorded
mortalities in North and South, respectively. The
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Table 1. Estimated population sizes for each stratum from the
Huggins estimator, including measures of confidence (SE = stan-
dard error, CV = coefficient of variation), the area of each strata
and the resulting grizzly bear density per 1000 km?. *Density of
grizzly bears predicted to use the stratum from the Huggins
closed estimator divided by the stratum area; this does not
account for lack of population closure and is thus biased high
(c. 17% as calculated by Mowat & Lamb 2016). We retain the
measure for comparison between strata only

Population CV  Area  Density*
Stratum  size SE (%) (km? (bears/1000 km?)
North 166 11-9 72 3983 417
Trap 66 11 16:6 3584 185
South 88 10-5 119 2190 403

proportion of subadult and cubs killed was greater in the
Trap than in the other areas (P < 0-001).

Discussion

We show that grizzly bears face an ET produced by
human-caused mortality in an area of high human density
and rich food resources for bears. This trap produces real-
ized population declines of approximately 8% per year in
the Trap and at least 1-5% per year in source populations
(North and South). Specifically, we demonstrate that the
ET had (i) greater cover and per-capita availability of
fruit-producing shrubs [that are selected by grizzly bears
and increase fitness in the absence of humans (McLellan
2015)]; (it) greatly reduced survival and insufficient com-
pensation in recruitment to prevent population declines;
and (iii) compensatory immigration of individuals into the
ET from adjacent strata at a ratio of 10 entering the ET
and dying to every 1 leaving and dying. Overall, highly
attractive habitat in close proximity to lethal human set-
tlement created a ‘severe’ trap (Robertson, Rehage & Sih
2013; Hale, Treml & Swearer 2015) that exacerbated
demographic loss in source populations.

Two small areas within the Trap area were sampled dur-
ing 2002 and 2003, and average density for these areas was
36-5/1000 km? (Mowat et al. 2013), much higher than we
found a decade later (18-5/1000 km?). Projecting the 2002/
2003 density through time using the growth rate estimated
here for the Trap (A = 0-92) to the median year of this study
suggests a density similar to our estimated density (density
projected = 18-7/1000 km?). We speculate the cause of the
decline in the Trap is an interactive effect of high human-
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caused mortality and multiple successive years of fruit crop
failure (2004-2007) and poor fruit production (2008, 2010
and 2012, McLellan 2015) producing increased human-—
bear conflicts (Pease & Mattson 1999; Gunther ez al. 2004)
and reduced reproduction (McLellan 2015).

Between 2006 and 2014, human-caused non-hunting
mortalities in the Trap were largely due to collisions with
vehicles and trains (54%), with control kills due to
human-bear conflicts and illegal kills accounting for 33%
and 13%, respectively. The majority of human-caused
mortalities in the Trap are attributed to non-hunting
sources (68%), an exceptionally pervasive mortality
source that cannot be mitigated through simple regulatory
changes, as is done with hunting. Since the 1980s, non-
hunting bear mortalities have steadily increased in the
Trap and surrounding areas (Mowat et al. 2013) and
across the species range (Can et al. 2014), likely due to
increasing human settlement and development in grizzly
bear habitat.

High mortality rates can create vacancies that are sub-
sequently occupied by young dispersers. Our results are
consistent with the compensatory immigration hypothesis
(Cooley et al. 2009); bears killed in the Trap were on
average 3 years younger than those killed outside the
Trap, and the proportion of males was higher in the Trap
than elsewhere. This young and male-skewed composition
of individuals in the Trap suggests dispersing juvenile
males filled vacancies in this arca, and arecas with few
females and many young males have much lower repro-
ductive potential than areas with more females of repro-
ductive age. Our minimum estimate of four bears moving
into the Trap stratum per year represents 66% of the dif-
ference between apparent recruitment in the Trap and the
mean recruitment of the North and South strata. Thus,
recruitment in the Trap is, at most, only marginally
greater than in the other two strata, with the majority of
this difference in apparent recruitment (at minimum,
two-thirds) due to individuals moving in and occupying
vacancies.

Compensatory reproduction may account for a small
portion (maximum 33%) of the increased apparent
recruitment observed in the Trap, relative to other strata,
but is clearly not sufficient to meet replacement nor deter
the immigration of individuals from elsewhere. We
acknowledge that social structure can alter the spatiotem-
poral distribution of subordinate individuals, where suba-
dults and females with cubs may avoid potentially
infanticidal males (Nevin & Gilbert 2005; Elfstrom et al.

Fig. 3. Information required to classify the Trap stratum as an ecological trap. Habitat attraction: (a) per-capita availability of huckle-
berry and buffaloberry shrubs within each stratum. High coverage and availability of these key nutritional resources represents attractive
habitats for grizzly bears. Demography: (b) apparent survival (survival + emigration), (c) apparent recruitment (recruitment + immigra-
tion) and (d) annual human-caused mortality (HCM) of each stratum by mortality source. Movement: (e) average age of bears killed by
humans in each strata, (f and g) decadal flow of bears between strata that are subsequently killed projected using a combination of
genetic capture data and mortality information, (f) IN represents flow of individuals into the Trap stratum that were killed, and
(g) OUT represents flow out of the Trap stratum that were killed. Overall, the flow ratio of IN:OUT is 10:1.
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2014). However, we believe any degree of socially driven
spatial structure will occur within a home range, and we
have not found support for sexually selected infanticide
(SSI) in our study area (McLellan 2005). The ET outlined
here represents a population-level phenomenon that can-
not be explained by social factors alone and must be dri-
ven by population dynamics, food availability, habitat
selection and perceived fitness outcomes. Individuals likely
spend more time in the Trap because the per-capita fruit
resources are more abundant, and due to increased prox-
imity to humans, mortality is higher. Additional food
resources present in the Trap, but not the North or
South, include spawning kokanee salmon (Oncorhynchus
nerka) and anthropogenic food sources (fruit trees, live-
stock and garbage), which likely act to bring bears and
humans into direct contact as many of these resources are
in close proximity to human settlements. Similar land-
scape-level redistributions of individuals due to food
resources near human settlements have been observed in
black bears (Ursus americanus, Beckman & Berger 2003).

Although the dispersal capability of wide-ranging species
is large, it can be impeded by habitat fragmentation
(Holderegger & Di Giulio 2010). Proctor et al. (2012) iden-
tified genetic differentiation and low dispersal across high-
ways and settled areas throughout the southern grizzly
distribution — including our study area — and highlighted a
correlation between genetic distance and the degree of
human settlement and highway traffic. Here, we document
the causal mechanisms fracturing demographic connectiv-
ity in the Trap, a key connectivity corridor for the largest
southern peninsular grizzly bear population in North
America (Fig. 1). Specifically, our findings suggest gametes
are not shared between the North and South because: (i)
attractive food provides little motivation for dispersers to
move through the Trap, and the longer individuals stay in
the Trap the more likely they are to be killed by humans;
(i) movements into the Trap are largely by younger bears
that are likely not motivated to move into the North or
South and compete for mates, food and space with the
older bears occupying these areas; and (iii) high female
mortality rates in the Trap mean that many females are too
young to have a litter, which results in low recruitment in
the Trap and contributes to low dispersal out of the Trap.
The behavioural and demographic mechanisms identified
here explain the genetic differentiation observed by Proctor
et al. (2012) despite documentation of occasional move-
ments across proposed fracture areas. These mechanisms
may also explain population fractures in other wide-ran-
ging species that are similarly susceptible to human-caused
mortality and genetic isolation.

In classic source-sink dynamics, source habitats pro-
duce dispersers because local recruitment exceeds replace-
ment (Pulliam 1988). The areas we considered as sources
supplied dispersers to the Trap, but these sources were
declining, although more slowly than the Trap. Cooley
et al. (2009) observed a similar pattern, where juvenile
cougars (Puma concolor) dispersed from source habitat

where the population was declining (A < 1) to an area
with high vacancy rates caused by human predation. The
authors proposed that this dispersal was due to the intrin-
sic nature of dispersal in cougar populations. Bears likely
disperse due to an intrinsic dispersal mechanism as well
(McLellan & Hovey 2001b), but may disperse much less if
intraspecific competition is low, as is likely in the Trap.
Although lower densities may indicate lower intraspecific
competition, male-skewed sex ratios may increase SSI in
the Trap; however, investigations into the effects of SSI in
our region of study and elsewhere in North America do
not support SSI as a strong limiting factor across a range
of male sex ratios (Miller, Sellers & Keay 2003; McLellan
2011).

We note that emigration out of a declining population
due to an ET has the potential to create a severe conser-
vation concern if source populations are small and the ET
is exceptionally attractive. In the case of the South strata,
these bears face multiple threats and sanctuaries as they
range beyond BC into Alberta, and Montana in the Uni-
ted States. Bears in the south-east corner of BC provide a
population source for potential ETs on agricultural land
to the west in Alberta (Northrup, Stenhouse & Boyce
2012; Morehouse & Boyce 2016); however, demographic
rescue may be compromised if these core populations are
demographically overdrawn. The spatial scale at which an
ET affects adjacent, secure populations should be related
to the dispersal capability of the species affected. Wide-
ranging apex consumers are especially vulnerable to
anthropogenic ETs due to a lack of natural predators
reducing evolutionary vigilance in the face of a human
threat. As such, the large dispersal capabilities of these
species should produce large-scale demographic conse-
quences in the presence of an ET, as noted by Hale,
Treml & Swearer (2015). We documented a number of
long-distance movements into the Trap, including a
58-km displacement of one individual initially detected in
the North that was subsequently killed in the Trap. These
dynamics highlight the insidious and far-reaching demo-
graphic effects of ETs for apex consumers, where declines
are further exacerbated due to the presence of ETs.

The idea that the evolutionary cues animals use to select
habitats can be poorly matched with novel conditions is the
basis for ETs (Robertson, Rehage & Sih 2013). ETs are
most lethal when they arise rapidly (in evolutionary time)
and, as a result, many ETs are associated with anthro-
pogenic disturbance [human-induced rapid ecological
change (HIREC); Robertson, Rehage & Sih 2013]. Our
findings demonstrate the deleterious effects of human set-
tlement on grizzly bear demography, which are exacerbated
by attractive habitat creating an ET. Due to the large home
ranges of grizzly bears and movement of young bears, the
effects of localized mortality in our study area resulted in
demographic consequences for areas far removed from the
Trap. Furthermore, the ability of individuals to identify
and respond to the consequences of occupying the Trap is
low, due to the Trap causing death (a non-repeating event).
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This is in contrast to a failed reproduction event [another
potential consequence of occupying an ET, Dwernychuk &
Boag (1972)], which could afford an individual a chance to
alter their behaviour to habitat cues during a subsequent
reproduction attempt (Battin 2004; Hale, Treml & Swearer
2015). To date, the drastic range contractions for grizzly
bears have been tightly linked to human impact and asso-
ciated mortality (Fig. 1). Focusing on mortality sources
that can be immediately reduced (e.g. hunting) may help
alleviate the broad population consequences of the Trap in
the short term, but addressing the larger and more insidi-
ous sources of non-hunting mortality (e.g. road, rail and
human-bear conflicts) will be required for long-term viabil-
ity (Mowat & Lamb 2016). However, mitigation of these
non-hunting mortality sources, such as fencing towns or
rail and road ways, can come at high monetary and ecolog-
ical costs unless connectivity is maintained through alter-
nate means (Holderegger & Di Giulio 2010; Sawaya 2014).
More broadly, the population dynamics presented here
highlight the imperative need to maintain the integrity of
intact landscapes that provide critical habitat for grizzly
bears and refuge from human development and associated
human-bear conflicts.

An ET where food is the attractant is a specialized case
of the more general evolutionary trap, where any resource
(mate, food or habitat) is perceived as attractive despite
reduced fitness (Robertson, Rehage & Sih 2013). The
coexistence of humans and apex consumers is difficult
and often incompatible (Can et al. 2014), and the occur-
rence of such species within human-dominated areas high-
lights the evolutionary mismatch between perceived
resource quality and realized fitness. In particular, range
reductions have been documented in all species in the
order Carnivora due to human impacts (Ripple et al.
2014), and the expansion of human settlement continually
brings the human-carnivore conflict into new arenas.
There is an urgent need to mitigate human—carnivore con-
flict as all successful cases of recovery include mitigation
of human activity, not the evolutionary adaptation of car-
nivores to human threats.
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Evaluating the metapopulation
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Ecological traps occur when environmental changes cause maladaptive habitat
selection. Despite their relevance to metapopulations, ecological traps have
been studied predominantly at local scales. How these local impacts scale up
to affect the dynamics of spatially structured metapopulations in heterogeneous
landscapes remains unexplored. We propose that assessing the metapopulation
consequences of traps depends on a variety of factors that can be grouped into
four categories: the probability of encounter, the likelihood of selection, the fit-
ness costs of selection and species-specific vulnerability to these costs. We
evaluate six hypotheses using a network-based metapopulation model to
explore the relative importance of factors across these categories within a spatial
context. Our model suggests (i) traps are most severe when they represent a
large proportion of habitats, severely reduce fitness and are highly attractive,
and (ii) species with high intrinsic fitness will be most susceptible. We provide
the first evidence that (iii) traps may be beneficial for metapopulations in rare
instances, and (iv) preferences for natal-like habitats can magnify the effects
of traps. Our study provides important insight into the effects of traps at land-
scape scales, and highlights the need to explicitly consider spatial context to
better understand and manage traps within metapopulations.

1. Introduction

Humans are altering ecosystems at significantly faster rates than natural forms of
environmental change. This is referred to as human-induced rapid environmental
change (HIREC) [1], and it leads to profound changes to habitat quality and quantity.
Whether dispersing animals can continue to adaptively select suitable habitats in the
face of HIREC is an important question, particularly if the cues used by animals
during habitat selection become uninformative of habitat quality. This breakdown
between habitat preferences and quality can cause ecological traps, when animals
select habitats that provide fitness outcomes inferior to other nearby habitats [2—4].

Ecological traps were originally described following studies with birds [5],
but occur across a wide range of taxa (for examples, see [3]). Perhaps the
most compelling case is the attraction of insects to artificial sources of polarized
light (e.g. roads) and their subsequent death upon landing [6]. Traps can also
have sub-lethal effects; for example, red-backed shrikes in northwest Europe
prefer open areas created by farming, where their reproductive performance
is lower than in nearby forests [7]. Given the mounting evidence across taxa
and ecosystems, ecological traps are likely to increase the risk of extinction
and loss of biodiversity, with important implications for conservation and man-
agement [8]. This has motivated efforts to better understand how traps form
and to describe their potential effects (e.g. [2—4,9-12]). Much of this effort,
however, has been at the scale of local populations, such as testing which of
a few habitat patches may be traps (e.g. studies within [4]), or modelling
the effects of traps in landscapes with only two habitat types (i.e. ‘low’
and ‘high’ quality). Furthermore, while the impacts of traps will depend on
their severity (i.e. attractiveness, fitness costs) [11,13], the local dynamics
of traps play out within the context of landscapes that may have a mosaic of
different-quality habitats, especially as they are modified under HIREC. There
are also reasons why inferring the wider-scale consequences of traps from

© 2015 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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local studies may be problematic, such as if habitat prefer-
ences are evaluated at a small number of locations that are
poorly representative of those available [14]. This suggests
that further insight could be gained by evaluating ecological
traps within a broader, regional context.

The metapopulation concept is a standard ecological para-
digm for exploring the dynamics and evolution of organisms
in spatially structured landscapes [15]. In most ecosystems,
local patches vary in habitat quality, which often influen-
ces vital demographic rates and thus the persistence of local
populations [16,17]. This can lead to source—sink dynamics,
where poor-quality habitats cannot support local populations
without replenishment from other patches [18,19]. The con-
cepts of ecological traps and source—sink dynamics are
related; a sink is analogous to an ecological trap if it is
preferred over other patches, but source—sink theory does
not incorporate the potential for maladaptive habitat selec-
tion [13], a key characteristic of a trap. Whether ecological
traps occur, and whether their presence reduces the growth
rate and/or persistence of metapopulations, will ultimately
be determined by how dispersal and habitat selection, and
their associated fitness consequences, are altered across
landscapes. At present, our ability to assess how traps may
compromise metapopulations and how their effects can be
best managed is hindered by a limited understanding of
how traps impact spatially structured populations across
a landscape.

(a) A framework for assessing the landscape scale
consequences of ecological traps

We develop a conceptual framework integrating metapopula-
tion theory, movement ecology and sensory biology to assess
the consequences of ecological traps for metapopulations
within spatially explicit landscapes. We propose that the fac-
tors likely to determine the consequences of traps for
metapopulations can be grouped into four main categories
as follows.

(i) The probability of encounter

This will depend on both the physical environment and the
life-history traits of organisms. Animals will encounter
traps more frequently when they represent a larger pro-
portion of available habitat. The underlying topology of the
landscape is likely to affect metapopulation persistence
when traps are present, as has been demonstrated in studies
without traps [20,21]. The characteristics of trap patches rela-
tive to other habitat patches will also probably be important.
For example, large traps may represent larger “targets’ for dis-
persers, or traps that are isolated from other patches in the
network may be encountered less frequently [22-24].

Their dispersal and perceptual ability will affect the
probability that animals encounter traps (electronic sup-
plementary material, appendix S1). Range-restricted species
may be highly susceptible [8], whereas vagile species may
encounter traps more frequently but have greater capability
of “escaping’ by moving to more favourable habitats. Migratory
species with obligate habitat transitions may be particula-
rly susceptible. Finally, animals with a larger perceptual
range [25] may be attracted to habitats from greater distan-
ces, potentially increasing the frequency with which they
encounter traps.

(i) Likelihood of selection

Animals may exhibit a preference for traps (a ‘severe’ trap), or
equally prefer traps and non-traps (an ‘equal-preference’ trap)
[3]. In both cases, animals will select traps more frequently if
their dispersal is uninformed (i.e. an imperfect knowledge
of the environment) and they rely on indirect habitat selec-
tion cues acting as proxies for habitat quality [8] (electronic
supplementary material, appendix S1). Animals that use mul-
tiple cues (either simultaneously or sequentially) to locate and
assess habitats (e.g. [26]) may be less susceptible, as they will
require multiple stimuli to incorrectly indicate high habitat
quality. Physiological changes to dispersers may also increase
the probability that animals will select traps; animals in poor
physiological condition or under tight time constraints will
generally become less choosy in terms of selecting mates or
habitats (see [27] and references within), or more likely to
choose poor-quality habitat [28].

Natal experience influences habitat preferences for a
wide range of taxa including insects, fish, mammals and
birds [27,29,30], and almost always leads to a preference for
natal-like habitats, known as natal habitat preference induc-
tion (NHPI) [30]. Although NHPI could weaken the effects
of traps [11], we suggest that it could equally cause them, if
animals raised in poor-quality natal habitats select similar
ones later in life. For example, common loons in Wisconsin
select lakes similar to their natal site in terms of pH and
size, not necessarily the large, high-pH lakes that produce
more and fitter offspring [29].

(iii) Fitness costs of selection

The consequences of traps will depend on which components
of fitness are reduced and by how much. In the most extreme
case, traps will result in mortality (e.g. [31]), but other non-
lethal endpoints such as reduced reproductive success are
also possible (e.g. [32]). These various effects may have differ-
ent consequences for metapopulation growth and persistence

(e.g. [33]).

(iv) Species-specific vulnerability to fitness costs

Life-history traits will be an important determinant of an ani-
mal’s vulnerability to traps [8,11]. In particular, traits from
the ‘slow” end of the ‘fast—slow continuum’ [34] are likely
to increase long-term vulnerability (e.g. delayed sexual
maturity, low fecundity and long generation time; see elec-
tronic supplementary material, appendix S1). Animals with
rapid adaptive potential may be able to respond quickly
and escape the effects of traps, while those with low capacity
for learning, slow rates of evolution or a lack of behavioural
adaptations to change will be most susceptible [11].

We illustrate this framework using a metapopulation mod-
elling approach, and compare how different characteristics
of ecological traps can affect metapopulation growth and
persistence. As identified above, the impacts of traps will be
dependent on a large number of factors. We selected a subset
of these, which we predicted a priori to be important, and
examined how they affected the consequences of traps for
metapopulations to evaluate evidence for the following six
hypotheses: (i) the effects of traps will be more pronounced
when they represent a larger proportion of available habitat;
(ii) the chances of an animal encountering a trap will depend
on their dispersal ability or perceptual range; (iii) severe (i.e.
preferred) traps will reduce metapopulation growth rate and
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persistence more than equally preferred traps; (iv) animals that
exhibit NHPI will be more likely to select traps; (v) reductions
in breeding fitness and mortality will have differential effects;
and (vi) animals with life-history traits from the ‘slow” end of
the fast—slow continuum will be more susceptible to traps.

2. Material and methods

(@) A modelling framework to examine the influence
of traps on metapopulations

To accommodate the full range of landscape-, trap- and species-
level variation, we used a network-based landscape representation
[35] with species-specific attributes (dispersal, fecundity, survival)
coupled with a gravity model [36,37] to parametrize habitat
selection. Patch attractiveness is a key element determining how
a habitat patch will be perceived by an individual, and we
implemented this process with a production constraint gravity
model [36] of dispersal. With this approach, the functional connec-
tivity between any two habitats is a function of (i) geographical
distance, (ii) dispersal capacity, (iii) reproductive output of the
source patch, and (iv) size and attractiveness of the destination
patch. All metapopulations varied in the number, placement,
size and quality of habitat patches containing subpopulations.
Species-specific attributes, unique to each metapopulation simu-
lation, included dispersal ability (negative-exponential decay
function), perceptual range, habitat preference, survival and
fecundity. From this initial landscape, a proportion of habitat
patches was selected and converted to traps by decreasing fitness
(i.e. survival and/or fecundity) within these patches and increas-
ing their attractiveness (‘realized traps’; electronic supplementary
material, appendix S2). A natal preference penalty was used to
modify the dispersal probability, redistributing individuals
to patches with similar qualities. Landscapes often comprised a
mosaic of different habitats that vary in location, size and quality
[38,39]. When animals have imperfect knowledge of the environ-
ment, they can make suboptimal habitat selection decisions [25],
resulting in naturally occurring patches with trap-like conse-
quences (e.g. low-quality yet large, and therefore ‘attractive’,
patches). Ecological traps are defined as arising from changes to
the attractiveness of and/or preference for a particular habitat
[3], so we did not code these trap-like patches (whose attractive-
ness and/or quality had not been altered) as ecological traps but
treated them as natural phenomena of heterogeneous landscapes
(electronic supplementary material, appendix S2). However,
because the majority of simulations contained trap-like patches,
we also evaluated their overall impact on metapopulations (elec-
tronic supplementary material, appendix S2). All model
parameters are outlined in table 1, and further details of these
and the modelling approach more generally are provided in
electronic supplementary material, appendices S2—-S6.

The consequences of patch-level demographics and animal
movement within each metapopulation were quantified by
calculating the metapopulation mean lifetime (MMLT) and
metapopulation growth rate (Ay). The network-based MMLT cal-
culation [20,40] accommodates habitat networks consisting of
patches of variable size, quality, spacing and a stochastic extinction
likelihood, in a computationally efficient approach. Simply, the
MMLT is a function of three network characteristics: the dispersal
network structure, extinction rates of local populations and the
size of habitat patches. We used the Kininmonth et al. ([20],
eqn 10) approach for calculating MMLT for all metapopulations,
using constants for the species-specific minimum patch size
coefficient (e =1.0), extinction area exponent (n=0.5) and
the minimum number of immigrants for successful colonization
(u=2.0). As a result, the patch-level extinction risk in MMLT
is a function of its area and quality. Similarly, we used a

metapopulation growth rate calculation sensitive to the spatial
structure of the dispersal network, as well as patch-level demo-
graphic potential and its contribution to other patches [41]. This
network-based Ay ([41], eqn 13) is dependent on the dispersal
network and the individual patch attributes of area, fecundity
and survival. The MMLT and Ay quantify slightly different (extinc-
tion risk and growth rate, respectively), yet complementary
characteristics of the metapopulation.

To make meaningful comparisons across all models, we
quantified the relative impact of traps on Ay; and MMLT by eval-
uating each metapopulation both with and without ecological
traps. These paired models were used to calculate the relative
impact of traps on the metapopulation: Ayvimpact = (AMTrap —
AMnon—Trap)/ /\Mnon-Trap) and MMLTImpact = (loglo(MMLTTrap +
1) - 1Og10(1\/[1\/11—4’1—‘1\onfl"rap + 1))/10g10(MMLTnonfTrap + 1) Largel‘
negative values in Ayiimpact and MMLTmpace indicate stronger
detrimental consequences of traps on the metapopulation.
Owing to the unknown prevalence and strength of NHPI, we
analysed each metapopulation pair with and without the natal
preference penalty. There was high concordance in metapopula-
tion impact between analyses with and without NHPI, so only
results with NHPI are presented.

(b) Model sensitivity analysis

We used a variance-based global sensitivity analysis (SA) frame-
work [42,43] to evaluate the consequences of traps. For
computational feasibility, we implemented a non-parametric
SA based on a series of meta-models [44-46] using all input par-
ameters (R package CompModSA with ‘sensitivity’ function).
A suite of 3000 parameter combinations generated with a Latin
hypercube sample (LHS) scheme [45,47] was used to build
each meta-model. Each parameter combination resulted in a
unique metapopulation model realization.

Owing to the complexity of the model, expected high-level
interactions among parameters and nonlinear responses, we eval-
uated several meta-models to examine consistency in emergent
patterns [45,48,49]: generalized linear model (GLM), quadratic
response surface regression (QRS), recursive partitioning
regression (TREE) and multi-variate adaptive regression splines
(MARS), all implemented in R (GLM with the MASS package,
all others with the CompModSA package). These meta-models
were chosen as each is expected to perform differently depending
on the unknown structure of the response surface (see electronic
supplementary material, appendix S2 for meta-model compari-
sons). For the GLM SA, we calculated the main effects and
two-way interactions on the standardized data and visualized
the sensitivity of response variables by plotting the effect of one
standard deviation change in each parameter on the response
[49]. For the non-GLM meta-models, the total sensitivity index,
Tj [48,50], was used to quantify the relative importance of all
input parameters to the relative changes in MMLT and Ay owing
to traps (MMLTpvypact and Avimvpeact, respectively). This index
provides a single number summary of the overall importance of
each parameter and should be interpreted as the total proportion
of the variability in the response surface that is due to each par-
ameter, including all interactions with other parameters [48].
Standard bootstrapping (10000 samples) was used to create
confidence intervals around the mean sensitivity index value.

3. Results

After screening the 3000 unique parameter combinations
to remove scenarios where the non-trap metapopulation had a
decreasing growth rate (Ay; < 1) and those lacking realized
traps, 2688 (90%) remained. In almost all cases, traps had nega-
tive effects on metapopulations in these models (figure 1;
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Figure 1. The effects of ecological traps on differences in (a) metapopulation growth rate (Ay wmeact) and (b) mean metapopulation lifetime (MMLT ypact) between
trap and non-trap metapopulations (n = 2688 simulations).

Table 1. Description of variables included in the model and descriptors of their characteristics. See electronic supplementary material, appendices S2—56 for
further details.

parameter description range
landscape configuration number habitat patches limited to 50 for computational efficiency [3,50]
in landscape (N)
minimum quality of patches‘ were randdmly éésigned a qualify < Mi‘nQ‘ - [0,1]
habitat patches (MinQ)
probability of encounter trap propdrtibn (T.pfo) » propdrtion of patchés in the Iandscape that are tréps - - >[0>.1,1]
dispersal capacity (Disp) the relative distance at which the probability of dispersal is 0.05; using a [0,1]

negative-exponential function, p; = exp(6 x dj), where 6 is the decay
coefficient and dj is the distance between patches

‘pe»rceptuall range‘(ll’r»)b C the perieptual range of a patch is a mu‘ItipIicative function with ‘pbat‘ch o ‘[0,5] .
size, quality and Pr
the likelihood of attractiveness of traps attractiveness of traps is increased by T.att [1,10]
selection (T.att)
preference for natal-like dispersal between patches decreases proportional to the difference in [0,1]
habitats (Np) quality times Np
the fitness costs of trap survival penalty survival in traps decreased as Surv x T.surv [0,1
selection (Tsurv)
trap fecundity penalty fecundity in traps decreased as Fec x T.fec [01
(T.fec)
species-specific fecundity (Fec) the number of offspring per unit area as a function of quality: Fec x g; [2,100]
vulnerability to these survival (Surv) the survival of adults per unit area, as a function of quality: Surv x g; [0,1]
costs
median Ay nvpact = —45.10, median MMLTypact = — 14.80). The probability of animals selecting traps is likely to be
However, in some rare instances, they were beneficial, resulting influenced by their attractiveness relative to other habitats.
in positive Ay impact Values (figure 1). More dramatic impacts were observed on Aympact When
All criteria in our framework influenced the negative con- the attractiveness of traps (T.att) was higher relative to non-
sequences of traps. The proportion of traps (T.pro) in the traps. In comparison, trap attractiveness was not important
landscape was a strong influence on both Ay mpact and to MMLTypact (figure 2b). NHPI was not one of the most
MMLTpact (figures 2 and 3), and is likely to be the most important factors influencing the consequences of traps,
important determinant of whether animals encounter traps. especially for MMLTvpact (Np, figures 2b and 3b). However,
We found some evidence to suggest that highly vagile species our GLM suggested that Np weakened the effects of traps on
(i.e. higher Disp) may also be more susceptible to the effects A mvpeact (figure 3a). When landscapes did not contain

of traps, but perceptual range was less important. traps, Np had only relatively weak effects on MMLTpact
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Figure 2. Results of global sensitivity analysis describing the relative influence of variables (T;) on differences in metapopulation (a) growth rate (A jeacr) and (b) mean
lifetime (MMLT,ypacr) between metapopulations with and without ecological traps. Overall fits (R?) ranged from 0.83 to 0.94 across all models. Negative T; values indicate
that as the parameter value increases, the severity of the impact of traps increases (becomes more negative). Model parameters are defined in table 1.

and Apvpact (figure 4a,b). In comparison, Np generally
resulted in stronger positive effects on Ayvpact values
when traps were present (figure 4c). We also observed
instances, though, where Np magnified the effects of traps on
AMmpacT Values.

Reductions in fecundity (T.fec) and survival (T.surv) in
traps negatively affected both metapopulation responses,
and for MMLTpact the magnitude was comparable. How-
ever, reduced survival in traps had a stronger negative effect
on Ay weact than reduced fecundity. The positive interaction
between the two parameters (T.fec: T.surv; figure 3) reflects
the fact that as one parameter increases, the relationship
(i.e. slope) between the other parameter and the metapopula-
tion impact increases (or becomes less negative). For example,
with a low survival penalty, the relative impact of a high
fecundity penalty is quite significant, whereas at high survi-
val penalties, the impact resulting from increasing the
fecundity penalty is reduced.

In general, a species’s intrinsic survival and fecundity
had negative influences on MMLTpacr and Ayvpact
(Surv and Fec; figures 2 and 3). Model species with
higher survival suffered greater (i.e. more negative) meta-
population impacts resulting from ecological traps.
Increases in survival and fecundity increased MMLT and
Am in the absence of traps, but this did not translate into a
decreased impact in the presence of traps, as expected.
Thus, for a given trap penalty, species with higher fitness
will have a greater absolute decrease in reproductive
success/survival in trap patches than those species with
lower fitness.

4. Discussion

All criteria in our framework significantly influenced the
negative consequences of traps, illustrating that assessing
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Figure 3. Results of generalized linear model (GLM) describing the relative influence of variables on differences in metapopulation (a) growth rate (Ay mpacr) and (b) mean
lifetime (MMLT,ypact) between metapopulations with and without ecological traps. Bars show 95% CIs associated with slopes and interactions between slopes. The x-axis
describes the effect of a one standard deviation change in each model parameter on the response. Parameters (statistically significant at p << 0.05) are organized according to
the direction and strength of their influence on the response. Overall fits (R?) of GLM: (a) 0.91 and (b) 0.77. Model parameters are defined in table 1.

traps requires an approach integrating landscape and move- Hypothesis 1. The effects of traps will be more pronounced
ment ecology, habitat selection behaviour, and the life when they represent a larger proportion of available habitats.
history of animals. We evaluate the evidence below for

our six hypotheses to assess their relative influence on the The proportion of traps (T.pro) was a key determinant of

consequences of traps for metapopulation dynamics. how traps reduce both metapopulation growth rate and
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Figure 4. The influence of natal habitat preference induction (NHPI) on metapopulations with and without ecological traps. The four panels illustrate the effects of
NHPI on Ay ppacr and MMLT,ypact When ecological traps (a,b) are and (c,d) are not present in the landscape. There were 12 simulations where Ay pacr Was
greater than 50 when traps were present (c); these cases are not shown, to allow a clearer presentation of overall results.

mean lifetime. Previous models have suggested there may
be a threshold proportion of traps in the landscape above
which extinction probability increases, potentially dependent
on habitat quality and preferences [9,12]. For example,
migratory songbirds are likely to suffer population extirpations
when traps represent more than 30% of available habitats [9].
We observed that Ay npact and MMLTpypact Were increas-
ingly negative when T.prop was high, but found no evidence
that similar threshold effects occurred when all other habitat
attributes (quality, size, placement, etc.) varied continuously
across the landscape.

Hypothesis 2. The chances of an animal encountering a trap
will depend on their dispersal ability or perceptual range.

Highly dispersive animals may be able to rescue or reco-
lonize patches and thus be less predisposed to extinction risk
in fragmented landscapes [51]. Our results illustrate an
opposing perspective, with highly vagile species more sus-
ceptible to the impact of ecological traps. Our GLM results
provide some support for three possible reasons for this

effect: (i) an increased rate of trap encounter (Disp:T.att,
Disp : T.pro, figure 3a; Disp : T.pro, figure 3b), (ii) a greater
neighbourhood (i.e. number of habitat patches) that trap
patches influence (N:Disp, figure 3b) or (iii) a decrease in
the local retention of offspring in quality habitat with
increased dispersal (see Disp formulation in table 1). The ulti-
mate cause may be a combination of these, in addition to
other potential costs of dispersal [52].

While increased perceptual range (Pr) may lower dispersal
costs and increase connectivity in fragmented landscapes [53],
the opposite has also been shown. For example, simula-
tions studies have shown that animals with no perceptual
knowledge of their environment had increased overall metapo-
pulation connectivity in comparison with those with increased
cognitive information, at least while energy resources where
adequate [54]. We found similar effects, with increased percep-
tual range having no influence on the impact of traps. The
influence of Pr on metapopulation dynamics and the impact
of traps may be masked by the randomized spatial structure
of our landscapes, which had a strong influence on metapopu-
lation connectivity. On average, the spatial structure of habitat
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patches and the species’ dispersal potential (Disp) accounted
for 84% of the metapopulation connectivity matrix, the remain-
ing proportion determined by the perceptual range, cue
distances and attractiveness (gravity) of patches in the model.

Hypothesis 3. Severe (i.e. preferred) traps will reduce metapo-
pulation growth rate and persistence more than equally
preferred traps.

Severe traps are likely to lead more frequently and rapidly
to the decline and extirpation of animal populations as indi-
viduals are attracted away from higher fitness habitats
[10,11]. Our results indicate severe traps may similarly have
more dramatic consequences than equal-preference traps for
metapopulations. In comparison, trap attractiveness was not
important to MMLTpact. This lack of impact was found
across all meta-models, suggesting its effects may be some-
what obscured by the strong (and uncontrolled) effect of
network topology [20].

Hypothesis 4. Animals that exhibit NHPI will be more likely to
select traps.

Our results illustrate that NHPI has a strong influence on
habitat selection when traps are present in the landscape, and
that generally this resulted in the effects of traps being
diluted. Kokko & Sutherland [11] proposed that preferences
for natal-like habitat may provide some protection from the
effects of traps as the increased productivity of high-quality
habitats means that more individuals will be selecting these
over poorer-quality options. However, our results also illus-
trate that NHPI could magnify the effects of traps in some
cases (figure 4c). Recent evidence suggests that NHPI does
not always lead to the selection of highest-quality habitats
(e.g. [29]), and could lead to traps, if for example habitats
are exposed to pollutants that go undetected and animals
continue to select polluted sites (e.g. bats foraging on non-
biting midges associated with sewage effluent [55]). If so,
NHPI could, in rare instances, facilitate the initial develop-
ment of traps and their subsequent persistence through a
negative feedback loop where individuals continue to select
impacted environments.

Hypothesis 5. Reductions in breeding fitness and mortality
will have differential effects.

Studies of traps at the local scale (e.g. those reviewed in [4])
have illustrated how traps may reduce fitness, for example, by
characterizing rates of survival or breeding success. Extending
this finding to the landscape level, we have modelled how local
reductions in fitness affect metapopulation growth and persist-
ence. Our results demonstrate that reduced fecundity (T.fec)
or survival (T.sur) in traps resulted in comparable reductions
in metapopulation persistence. However, metapopulation
growth rate is likely to be more limited when traps reduce sur-
vival compared with fecundity. The interaction we observed
(T.fec: T.surv) illustrates that when traps reduce one of these
elements of fitness, the overall effects are not exacerbated by
subsequent reductions in the other.

Hypothesis 6. Animals with life-history traits from the ‘fast’
end of the fast—slow continuum will be more susceptible
to traps.

Our results illustrate that animals with high intrinsic fit- n

ness are likely to be more susceptible to the effects of traps,
based on having more scope for negative effects to occur.
However, species with ‘slow’ life-history traits will be more
likely to suffer local extirpations—high intrinsic fitness may
mean that traps can result in larger reductions in fitness,
but may also confer increased resilience to traps.

In modelling the consequences of ecological traps on
metapopulations, we focused on survival and fecundity to
estimate the life-history traits of animals likely to influence
their susceptibility to traps. However, other life-history
traits (e.g. electronic supplementary material, appendix SI)
will probably influence how animals respond once trapped;
for example, those traits that facilitate rapid evolution may
offer the potential for animals to ‘escape’ via natural selection
for adaptive preferences or existing phenotypic plasticity [11].
Other traits, such as those that influence the evolution of
dispersal ability, will potentially also be important. A logical
extension to our approach here would be to examine the
influence of some of these evolutionary traits on metapopula-
tion growth rate and persistence when traps are present
in landscapes.

(a) The triple jeopardy of ecological traps: prevalence,
attractiveness and fitness consequences

Complex interactions between the spatial arrangement of traps,
their attractiveness and fitness costs, and the life-history traits
of animals will ultimately determine how metapopulations
respond to traps. However, it is clear that animals are likely
to be most at risk when traps occur under the ‘triple jeopardy’
scenario, whereby they (i) are highly attractive, (ii) result in
large reductions in fitness and (iii) represent a large proportion
of the available habitat. These observations are intuitive, and
similar suggestions have been made about the effects of traps
at local scales [11,13], but our study provides the first evidence
that they still hold at metapopulation scales.

(b) Ecological traps may be beneficial in rare instances
We present the first evidence that in rare instances, traps may
have positive benefits for metapopulations. While traps gener-
ally had negative effects, in a small number of situations they
increased metapopulation growth rate (positive Ay nvpact)-
This occurred primarily when traps, characterized by increased
attractiveness and only minor fitness costs, served as central
stepping stones in a habitat network, effectively increasing
landscape-scale connectivity as animals move through the
trap patch. This benefit was confirmed through a targeted
modelling ensemble. A 19x increase in the likelihood of a posi-
tive Ay vpacT Value was achieved by modelling vagile taxa
in a high-quality landscape where the proportion of traps
was low (less than 30%), the trap attractiveness was high
(more than 5x) and the fitness consequences were low
(penalties < 0.10). We suspect this effect is strongly dependent
on the topology of patches and the placement of traps.

() The impact of naturally occurring trap-like patches
Our results suggest that trap-like conditions are probably a
common phenomenon of metapopulations in landscapes
where patches vary in quality and size. More than 87% of
simulations contained naturally occurring trap-like patches
(electronic supplementary material, appendix S2), and these
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represented on average approximately 38% of patches across
all simulations. Results from running a targeted global SA
with the proportion of natural trap-like patches as a par-
ameter illustrate that while these patches may be common,
their effects in the presence of ecological traps are weak (rela-
tive influence T]- < 0.03). With the prevalence of naturally
occurring trap-like patches within spatially realistic meta-
populations, we suggest clarity is needed in future studies
to distinguish between these patches and ecological traps
where habitat selection cues and/or habitat quality have
been altered.

5. Conclusion

Evaluating the risks ecological traps pose to animal popu-
lations requires a greater understanding of their impacts
within the landscape. By developing a generalized spatial fra-
mework, we have shown that the severity of traps depends
not just on their fitness consequences, but also the life-history
traits of animals. In particular, traits that increase the likeli-
hood of encountering and selecting traps, as well as a
species’s vulnerability to the associated fitness costs, are
likely to be important. Our findings further demonstrate
that the effects of traps become significantly more compli-
cated when the focus is on landscape rather than local
scales, requiring a broader consideration of how animals
move across spatially heterogeneous landscapes. A crucial
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SUMMARY

South Rockies Grizzly Bear Population
* The grizzly bear population north of Highway 3 in the Elk, Bull and White river valleys of
southeastern British Columbia (BC) declined about 40% between 2006 and 2013.
* Hunting was closed in the population unit during 2011 and 2012 and opened during 2013
with fewer licences and lower quotas than were issued during 2006-2010.
* Mortality rates roughly doubled between 2006 and 2013 as the population declined.
* There is a need to reduce mortality of grizzly bears in the South Rockies population unit.

Flathead Grizzly Bear Population

* South of Highway 3, in the Flathead valley, the population declined between 2007 and 2010
and increased from 2010 to 2014.

* This population trend aligned with the more demographic analysis by McLellan (2015) in
the southeast portion of this unit, which suggests the decline McLellan (2015) observed
was geographically broader than his study area.

Conclusions

* The higher female mortality rate in the South Rockies, compared to the Flathead valley,
was likely the proximate reason for the different population trajectories in these two
adjacent areas.

* Asinthe Flathead, the population decline in the South Rockies was probably precipitated
by a decade of poor forage production which occurred during a series of summers that
were unusually dry compared to the previous two decades.

* The combination of forage failure and increased human-caused mortality caused a decline
in grizzly bear numbers in the South Rockies unit which will require 5 to 10 years to
recover.

* We suspect the actual number of bears killed in the South Rockies was greater than was
recorded in the Compulsory Inspection data and, the methods of accounting for the
unreported mortalities used by the province underestimated unrecorded human-caused
mortality during the period of population decline.

* Inthe South Rockies, the number of unrecorded kills must have been several times larger
than the recorded non-hunter kills to obtain the population trend we observed. The
magnitude and cause of unreported mortality should be further investigated.
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INTRODUCTION

The South Rockies is one of three Grizzly Bear Population Units (GBPUs) in British Columbia with
consistently high levels of human-caused grizzly mortality (Artelle et al. 2013). Managers have
reduced hunting opportunities in this unit many times because mortality rates exceeded targets
while local residents argued that grizzly bear numbers were high. Ongoing uncertainty regarding
population trend and sustainable kill levels has made managing the grizzly bear harvest in this
portion of BC complex and controversial.

The grizzly bear population in the southern Rocky Mountains of BC and Alberta are integral to the
connectivity of this species within its North American range (Fig. 1). This population connects the
grizzly bear population further south, in the Northern Continental Divide Ecosystem of Montana
with the continuous population to the north. Areas to the east and west of the BC and Alberta
Rocky Mountain populations are unoccupied by grizzly bears (Fig. 1; Proctor et al. 2012),
highlighting the continental significance of the Rocky Mountain populations. However,
connectivity within the southern Rocky Mountain populations is hindered by linear human
development in valley bottoms (Proctor et al. 2015, Lamb et al. In Review) where high mortality
rates limit connectivity between populations on either side of the valleys. The corridor along
Highway 3 has much greater development than any other corridor through the Canadian Rocky
Mountains and is the main connectivity fracture for grizzly bear populations the Rocky Mountains.

Much of the non-hunting grizzly mortality in this area occurs in the Highway 3 corridor, where
human settlement and other development occurs in close proximity to very good bear habitat in
the surrounding mountains. This mortality has reduced bear density near the corridor and
produced a “sink” scenario resulting in a net immigration into the corridor from the adjacent South
Rockies and Flathead areas (Lamb et al. In Review). This flow of bears into the corridor means that
“sink” areas of high mortality can influence the population dynamics of adjacent “source” areas
tens of kilometers away by attracting immigrants into the mortality area.

Population density in the South Rockies in 2006 was similar to that measured in the 1990s, while
the density in the Flathead unit had likely declined since the mid-1990s (Mowat et al. 2013a).
McLellan (2015) found the grizzly bear population in the southeast corner of the Flathead GBPU
rapidly increased in the 1980s and 1990s but then declined during the 2000s. He suggested the
period of increase was a result of high historic mortality causing low densities prior to the 1970s
coupled with reducing mortality beginning in the late 1960s and 1970s, due to more restrictive
hunting regulations and increased general concern over the status of grizzly bears. The decline
period was related to the high density of bears combined with greatly reduced huckleberry
production from 1998 to 2008. A similar reduction in huckleberry production was documented in
the Cabinet Mountains, 130 km west of the Flathead (Holden et al. 2012). McLellan (2015) is one
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of the few demonstrations of food limitation directly influencing demography for a grizzly bear
population.

In response to ongoing conservation and management concerns, population monitoring began in
the South Rockies in 2006 and in the Flathead unit in 2009. The intent was to build on earlier
genetic databases to assess past demography and monitor population trend into the future. The
objectives of this report are to determine recent population growth rates and annual abundance
for the South Rockies and Flathead GBPUs. We then use annual estimates of abundance and
mortality records to calculate mortality rates by cause (road/rail, hunting, control and illegal kills)
and sex to inform population management decisions.

STUDY AREA

The study area covers roughly 12,000 km? of the southern Canadian Rocky Mountains (Fig. 1).
Portions of this area in the east have very high quality habitat for grizzly bears, while there are
areas of low quality habitat in the west. This area comprises two of the grizzly bear population
units in the Kootenay Region, the Flathead (3434 km?) and the South Rockies (8303 km?). GBPUs
are the spatial basis for population management across the province (see
http://www.env.gov.bc.ca/wld/grzz/). The southern border of the study area is the Canada-United

States boundary. The population has been increasing recently south of the international boundary
adjacent to the Flathead unit (Mace et al. 2012). The western border is the Rocky Mountain
Trench, which does not support year-round grizzly bear populations. The eastern boundary is the
BC-Alberta border, and the northern boundary is where the height of land of the Elk and White
rivers meets that of the Kootenay and Palliser rivers to the north. In 2014 we discontinued
sampling in the Bull and White rivers for logistical reasons.

Most human settlement in the study area occurs in the East Kootenay Trench and along the
lower Elk river. Development varies from ski resorts at Fernie to five large coal mines north and
south of Sparwood which are concentrated on large tracts of private lands. Logging occurs
throughout the study area and, while agriculture is common, it occurs mostly along the western
boundary. The east fork of the Elk river valley joins the Crowsnest Pass and provides a low
elevation pass through the Rocky Mountains. A major highway (Hwy 3) and railroad (Canadian
Pacific Railroad) occur here and these developments, along with the linear human settlement
found in the corridor, affect grizzly bear habitat use, mortality, and movement.
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Fig. 1. TOP: Current and historic distribution of grizzly bears across North America with NASA
human impact index underlain and study area boundary in white. Our study area is a key
connectivity corridor along the spine of the Rocky Mountains. BOTTOM: Annual sampling
distribution for the South Rockies and Flathead GBPUs. When a unit is white, it indicates that there
was incomplete sampling coverage in that year and these data were not used in the analysis.
Temporal gaps in sampling were accommodated by adjusting the time intervals in the analysis.

METHODS

We used data from an ongoing population inventory of the South Rockies and Flathead grizzly bear
population units (Mowat et al. 2013a) and from a single-year inventory done in the Flathead in
2007 (Grizzly Bear Study Team 2008). Mortality data came from the Compulsory Inspection (Cl)
database which is managed by the BC Ministry of Forests, Lands and Natural Resource Operations.
Field and lab methods were described in detail by Mowat et al. (2013a). Briefly, we used standard
bait site and rub tree methods to remove hair from bears and standard methods to genotype
individuals to assign individual identity and gender. We attempted to space sampling evenly across
the study area although access affected local effort. Annual trapping effort was roughly one fourth
of what has been used previously to generate population estimates using closed mark-recapture
models (Mowat et al. 2005, Kendall et al. 2009) and varied considerably among years.

Table 1. Annual capture results for the South Rockies GBPU (2006-2013) using bait sites and rub
trees to remove hair and microsatellite profiling to identify individuals.

Bait Trap Individuals

Year . Rub Trees . Start End Males Females
Sites Nights Detected
2006 63 6 1933 Jun-11 Jul-29 78 35 43
2007 72 20 2361 Jun-12 Jul-21 87 37 50
2008 66 34 2595 Jun-14 Sep-20 76 35 41
2009 50 110 6487 Jun-23 Sep-25 110 61 49
2010 17 132 8569 May-26 Oct-30 66 37 29
2011 14 99 9959 Jun-17 Oct-19 66 39 27
2012 0 116 12116 Jun-05 Oct-18 68 41 27

2013 34 160 15173 Jun-27 Oct-10 107 49 58
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Table 2. Annual capture results for the Flathead GBPU using bait sites and rub trees to remove
hair and microsatellite profiling to identify individuals.

Bait Rub . Individuals
Year Sites  Trees Trap Nights  Start End Detected Males Females
2007° 230 0 3141 May-31 Jul-29 80 31 49
2010 8 45 4245 Jun-22 Oct-28 21 13 8
2011 8 83 8129 Jun-16 Oct-07 32 23 9
2012 0 84 9536 Jun-22 Oct-15 42 25 17
2013 18 81 9273 Jun-12 Oct-11 38 21 17
2014 20 104 14011 May-22  Oct-12 69 34 35

% sites were moved every session so each site was only used for < 2 weeks.

Demographic analyses

Individual capture histories were constructed for each GBPU and analyzed using a Pradel robust
design model (PRDM) implemented in Program MARK (White and Burnham 1999) and the RMark
package (Laake 2013) in the statistical software R. A capture history is the coded detection data for
each bear detected in the study and is a standard form to input data for mark-recapture analysis.
The PRDM is a combination of the Pradel estimator (Pradel 1996), which estimates demographic
parameters of open populations (Nichols and Hines 2002) and, the Huggins formulation of the
closed population design, used to estimate detection success and population size (Huggins 1991).
The robust design is based on multiple primary sampling sessions (years in our case) within which
multiple secondary sessions are nested (2-4 week trapping sessions in our case; Gardner et al.
2010). The annual capture histories for each GBPU comprised two bait site and one rub tree
session per year, except in 2012, when we only deployed rub trees and had four secondary
sessions. We split rub trees and bait sites into separate sessions as these traps are known to have
different capture probabilities (Boulanger et al. 2008, Lamb et al. In Press).

We tested models of capture probability as a function of six covariates: 1) sex, 2) trap type [bait
site or rub tree], 3) effort [by trap nights, which is the total number of nights a trap type was set
each secondary session], 4) year [2006-2014], 5) season [secondary session] and, 6) project [for the
Flathead, where slightly different bait site methods were used in 2007]. We used Akaike’s
Information Criterion corrected for small sample size (AlCc, Lebreton and Burnham 1992;
Anderson and Burnham 2002) to select a top model.

We used the top model to estimate apparent survival (¢), apparent recruitment (f), realized
population growth (A), annual abundance (N), and the probability of capture (p; which is a
nuisance parameter in this study) for each GBPU. The PRDM model estimates “apparent” survival
because mortality cannot be distinguished from emigration because in both cases the bear is never
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recaptured in the population. Similarly, “apparent” recruitment is estimated because detection of
a new individual within the study area is indistinguishable from the detection of an individual
moving into the study area. The resulting measure of realized population growth is the sum of the
probability of entering the population (apparent recruitment) and the probability of remaining in
the population (apparent survival; Nichols and Hines 2002).

Pradel assumptions

The main assumptions of the PRDM are: 1) the area being sampled does not change through time,
2) animals must have a non-zero chance of being detected some time during the study and, 3) the
population is closed during secondary sampling sessions (sampling conducted within each year)
but can be open to births, deaths and movements between primary sessions (between years).

To ensure these data conformed to model assumptions:

1) We reduced the sampling area for each GBPU to the minimum area of continuous annual
sampling, which necessitated the removal of the North White river, Quarry and Cadorna Creeks in
the South Rockies, and the Galton Range in the Flathead. We did not sample each study area in all
years of sampling (Fig. 1, Tables 1-2), but this was accommodated by amending the time intervals
of sampling.

2) We have no reason to believe that any animals in the study had zero probability of capture.
Recent evidence has shown that all subsets of the grizzly bear population are susceptible to bait
sites (Kendall et al. 2009) and rub trees (Clapham et al. 2012). Furthermore, we sampled each
region for 6 (Flathead) and 8 years (South Rockies), allowing for broad spatial coverage of the
region and many opportunities for individual bears to be captured.

3) We believe our study areas were largely demographically closed during sampling because
females with cubs emerge from the den much earlier than the beginning of our sampling
(Haroldson et al. 2002), and the majority of human-caused bear mortalities occurred outside our
sampling period (Fig. A5). In addition, juveniles are the primary dispersers and most juvenile
dispersal (McLellan and Hovey 2001; Proctor and McLellan 2004; Stgen et al. 2006) also occurs
before or after our sampling efforts (Elfstrom et al. 2014), reducing the risk of bias due to
movement in or out of the study areas.

Human-caused mortality rates

We used annual abundance estimates and the mortality data to calculate observed total and sex-
specific human-caused mortality rates. In BC, annual sex-specific mortality targets are calculated
using the total population estimate because population estimates for each sex are rarely available.
Population estimates are multiplied by the desired harvest rate to generate the annual mortality
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target though mortality is managed over a five year interval. The number of resident hunting tags
awarded each year is based on the past hunting success in each hunting unit. The number of tags
awarded always exceeds the mortality target because hunter success is never 100%. We also
present sex-specific kill rates based on the population estimate for each sex because they better
index the effect of mortality on population growth, though we recognize that population managers
do not routinely have this information available. Although all legal hunter harvests and many non-
hunting mortalities are recorded in the mortality data, some human-caused mortalities go
unrecorded. We used two methods to account for unreported mortality: 1) 2% of the total
population (which implies 1% of the female population), which was calculated using a model and is
used by BC grizzly bear population managers to account for unreported mortality in all GBPUs
(referred to as the “policy-based method”) and, 2) a value equal to the reported non-hunter
mortality (thus, estimated total non-hunting mortality = reported non-hunting mortality * 2, and
estimated unreported mortality = reported non-hunting mortality), which was roughly equivalent
to the results of a meta-analysis of mortality of radio-collared grizzly bears that included data from
the southern Flathead valley (McLellan et al. 1999). We refer to this method as the “data-based
method”. In this report we present results from the data-based method because we felt it was a
better index of actual mortality. Results from the policy-based method are included in the
Appendix for comparison.

All statistical analysis were done using the open source programs MARK and R and error bars show
standard errors in all figures.

RESULTS
Mortality data

Between 2006 and 2014, there were 116 grizzly bear mortalities recorded in the South Rockies and
44 in the Flathead (Fig. 2). In the Flathead, hunting was the main cause of human-caused deaths
while hunting kills accounted for roughly one third of all kills in the South Rockies (Fig. 4). Of the
human-caused mortalities in the South Rockies, 38% were hunter kills, 25% were for animal
control and other similar reasons, 28% occurred on highways and railways and 8% were illegal. In
the Flathead, 91% of recorded kills were by hunters and 9% were control kills. Hunting kills
fluctuated annually due to changes in opportunity and success. There were four years when the
season was partly or completely closed in the South Rockies while there were no closures during
our period of study (2006-2014) in the Flathead. On average, the number of hunting kills declined
during the study in the South Rockies while there was little change in the Flathead. The number of
hunting kills has been declining slowly since the 1990s in southeast BC. Conversely, recorded non-
hunting mortality has been increasing regionally and provincially since the 1980s. There were very
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few rail and road kills recorded in the 1980s and 1990s, but this source of mortality increased
dramatically in southeast BC beginning in 2000.
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Fig. 2. Recorded grizzly bear mortalities in the South Rockies (SR) and Flathead (FH) population
units from 1978-2014 by cause of death. The vertical dotted line denotes the beginning of this
study (2006). Road and rail mortalities were not specifically recorded before 2002 and some may
have been lumped into the control kills category.

Field sample effort and success

Sample coverage in the South Rockies was continuous from 2006 to 2013; however, effort shifted
from largely bait sites to largely rub trees until 2013 when bait site effort increased (Table 1). Bait
site effort was more evenly spaced than rub tree effort, but an area in the north was rarely
sampled by either method in later years (Fig. 1). The Flathead was first sampled in 2007 and this
effort was intensive and used only baited sites that were moved each session (Table 2). The entire
area was not sampled again until 2010 and, most of the effort following 2007 was using rub trees
until 2013 (Fig. 1). In the South Rockies we detected between 66 and 110 grizzly bears each year,
while in the Flathead we detected between 21 and 80 bears each year (Tables 1 & 2). More males
were detected at rub trees than females and, the proportion of recaptures of males at rub trees
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was 2-3 times that of females (Table 3). Conversely, more females than males were captured at
baited sites (Table 3).

Table 3. Trap effort and capture information of individual grizzly bears by sex and trap type for the
South Rockies and Flathead GBPUs with all data 2006 to 2014 pooled. The marked column tallies
the number of bears initially marked with each method, and the recap column tallies the number
of individual bear-capture events following their initial capture. The recapture proportion is the
number of bear-capture events relative to the initial detection for each sex and trap type.

GBPU Sex Individuals Trap Site Checks Marked Recap Recapture
Proportion

SR GBPU  Total 351 Bait Site 594 261 170 0.65

Rub Tree 1779 187 251 1.34

Female 189 Bait Site 594 144 88 0.61

Rub Tree 1779 87 64 0.74

Male 162 Bait Site 594 117 82 0.7

Rub Tree 1779 100 187 1.87

FH GBPU  Total 192 Bait Site 337 121 66 0.55

Rub Tree 1420 109 130 1.19

Female 99 Bait Site 337 71 45 0.63

Rub Tree 1420 46 21 0.46

Male 93 Bait Site 337 50 21 0.42

Rub Tree 1420 63 109 1.73

Population analysis

Covariates that best explained variations in capture probably in the capture-recapture model were
similar between units and to previous work on this species (Boulanger et al. 2008). The most
supported model in both units included the sex of the bear, the type of trap used (rub tree or bait
site), an interaction between sex and trap type, trapping effort, secondary session, and year of
sampling. This model had a weight of 1 in the South Rockies and 0.75 in the Flathead.

The population trend was consistently negative in the south Rockies during 2006-2013, while in
the Flathead the population trend was negative during 2007-2010 and then increased from 2010-
2014 (Fig. 3). The increase in abundance in the Flathead was largely females, but sex-based
population estimates were relatively imprecise especially during 2010 and 2011, the two lowest
female population estimates (Fig. 3). These population estimates were generated using open
mark-recapture models and were not corrected for closure bias and hence likely biased high. On
average, the population estimates using spatial models were 18% lower than the open model
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estimates which approximates the positive bias of the open model population estimates in this
study. The open model abundance estimates were usually much more precise. Population growth
averaged 1.0 (95% Cl 0.96-1.06) in the Flathead during 2007-2014 while it was 0.92 (Cl 0.88-0.96)
in the South Rockies during 2006-2013. The growth rate in the South Rockies implies a population
decline of 44% from a starting population of 272 in 2006 to 152 in 2013 (Fig. 3). The uncertainty
based on the precision of the estimated growth rate implies the 2013 population size could range
from 112-206 bears (95% Cl). Apparent survival was similar between the units while recruitment
may have been higher in the Flathead than the South Rockies (Fig. Al).
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Fig. 3. Total and sex-specific population estimates for grizzly bears in the South Rockies (2006-
2013) and Flathead (2007-2014) GBPUs. Estimates of population size were generated from an
open Pradel robust design model and error bars represent standard errors of annual population
estimates.



Page |13

Estimated Mortality rate

The human-caused mortality rate was similar throughout the sampling period in the Flathead
while the mortality rate in the South Rockies increased as the population declined. In the South
Rockies, total estimated mortality exceeded 10% during two years later in the study (Fig. 4).
Female mortality rates varied among years with no clear trend in the South Rockies and a possible
decline in the Flathead (Fig. 6). These female mortality rates were based on total population size
(number of female kills /total population size) because that is how it is calculated in BC to inform
management decisions. Managers rarely have sex-based population estimates to inform
management. Hence, these data assess how managers were able to meet mortality targets using
the annual estimates of population size estimated here, not the static estimate typically available
to managers. In the Flathead, the total mortality rate did not exceed the target of 6% during this
study (Fig. 4), despite a declining population. However, the female target of 1.8% was exceeded
during 3 of 6 years (Fig. 6). In the South Rockies, the total mortality target was exceeded during 6
of 8 years (Fig. 4) and the female target was exceeded during 5 of 8 years (Fig. 6). Both targets
were more often exceeded later in the study, as the population declined. Mortality targets were
exceeded more often, though less drastically in some years, using the policy-based method of
estimating unreported mortality (Figs. A2-A4).

Annual estimates of kill rate by sex fluctuated due to variation in population estimates stemming
from sub-setting the data by sex, changes in sample size among years, as well as random
influences on the small numbers of mortalities. Hence, mean mortality rates are likely more
precise indicators of the limiting effect of mortality on population growth than annual estimates.
The average observed mortality rate was 8.6% in the South Rockies and 4.7% in the Flathead using
the data-based correction factor to account for unreported mortality (Fig. 5). Total estimated
grizzly bear mortality in the South Rockies unit was higher than the 6% mortality target during this
study while it was below the target in the Flathead unit (Fig. 4). The mean female kill, as a portion
of total population size, was 2.9% in the South Rockies and 1.9% in the Flathead (Fig. 6). Female
mortality exceeded the target by 60% in the South Rockies but only by 5% in the Flathead.
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Fig. 4. Annual human-caused mortality rate of grizzly bears for the South Rockies and Flathead
GBPUs. The dotted horizontal line represents the 6% mortality target from the BC grizzly bear
harvest procedure. Annual population estimates are from the demographic analyses above, and
kill data come from the Compulsory Inspection database. Unreported mortalities were accounted
for by doubling the reported non-hunter mortalities. See Fig. A2 for the policy-based method of
accounting for unreported mortality. Error bars were calculated as the estimated total
mortality/standard error of annual population estimate.
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Fig. 5. Average human-caused mortality rates for the South Rockies (2006-2013) and Flathead
GBPUs (2007-2014) using A) estimated total mortalities and the mean population estimate during
these periods, B) estimated total female mortalities and the average female population estimate
and, C) estimated total male mortalities and the average male population estimate. Unreported
mortalities were accounted for by doubling the reported non-hunter mortalities. Error bars were
calculated as the estimated total mortality/standard error of the mean population estimate.
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Fig. 6. Annual human-caused mortality rate of female grizzly bears for the South Rockies and
Flathead GBPUs. The dotted horizontal line represents the 1.8% mortality target from the BC
grizzly bear harvest procedure. Annual population estimates are from the demographic analyses
above, and kill data come from the Compulsory Inspection database. Unreported mortalities were
accounted for by doubling the reported non-hunter mortalities. See Fig. A3 for the policy-based
method of accounting for unreported mortality. Error bars were calculated as the estimated total
female mortality/standard error of the annual male and female population estimate.

When available, sex-specific mortality rates should be based on population estimates for each sex
because sex ratios may change due to annual differences in survival between the sexes. Using sex-
specific population estimates, mortality rates of males were much higher than those of females in
both populations (Figs. 5 & 7). The non-hunting male and female mortality rates increased in the
South Rockies while they were lower and stable in the Flathead. The female hunting mortality rate
declined during the study in both areas. The mean female mortality rate in the South Rockies was
4.7% which was one third higher than it was in the Flathead (2.7%; Fig. 5B). The mean male
mortality rate was also much higher in the South Rockies (13%) than it was in the Flathead (8.5%;
Fig. 5C).
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Fig. 7. Annual human-caused mortality rate of male and female grizzly bears by source (Hunter or

Non-Hunter) for each GBPU as a percentage of the annual sex-specific population size. Annual

population estimates are from the demographic analyses above, and kill data come from the BC

Compulsory Inspection database. Unreported mortalities were accounted for by doubling the

reported non-hunter mortalities. See Fig. A4 for the policy-based method of accounting for

unreported mortality. Error bars were calculated as the estimated total female mortality/standard

error of the annual population estimate.
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DISCUSSION

The grizzly bear population in the southern Rocky Mountains of BC appears to have been declining
since at least 2006. The population in the southern portion of the Canadian Flathead valley
increased from at least 1979 to 1998 in spite of heavy hunting pressure, but then declined for a
decade (McLellan 2015). The decline was linked to a decade of poor berry crops that caused a
decrease in reproductive rates and possibly an increase in adult female mortality. The population
decline in the Flathead GBPU ceased around 2010 and has since increased. This growth appears
sustained given it has continued for five consecutive years. In contrast, the South Rockies
population has declined by more than 40% since 2006 with no indication of recovery. A decline in
berry crops may also underlie the population decline in the South Rockies, but neither annual
berry production nor reproductive rates were measured in this area. During our study, observed
mortality rates were higher in the South Rockies than they were in the Flathead, which may be
related to the greater degree of human settlement in the South Rockies compared to the largely
unsettled Flathead unit. Mark-recapture analysis, however, generated similar apparent survival
estimates for the two populations which suggests bears moved into the South Rockies unit during
the study. In the South Rockies, mortality rates increased as the population declined which was
proximally driven by non-hunting mortality of bears. However, the ultimate cause of the increased
mortality may have been the decline in forage documented in the southern Flathead valley by
McLellan (2015).

Reproduction in the southern Flathead between 1998 and 2010 was the lowest ever recorded for
grizzly bears in North America (McLellan 2015). Reproduction in the South Rockies GBPU must also
have been very low because estimates of apparent recruitment there were even lower than in the
Flathead GBPU. Recruitment this low has only been associated with complete berry crop failures
(McLellan 2015). Immigration may partly explain the higher apparent recruitment in the Flathead
than in the South Rockies because the Flathead is adjacent to a large and growing grizzly bear
population to the south (Kendal et al. 2009, Mace et al. 2012) while the South Rockies is adjacent
to the relatively low grizzly densities in the Central Rockies (Garshelis et al. 2005, Mowat et al.
2013b).

We believe the kill rates documented here are low because our study areas were not
demographically closed because animals moved on and off the study area during our sampling.
This “closure” is a key assumption of the population estimation method. Lack of closure often
generates population estimates that are biased high, leading to mortality estimates that were
biased low. The observed human-caused female mortality rate of 4.7% in the South Rockies was
not sustainable for this population, but 2.7% was sustainable in the Flathead. In the 1980s, the
human-caused mortality rate of adult females was 5.3% in the southern Flathead of Canada and
yet the population was increasing at 7% per year (McLellan 2015). We used the population model
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used by McLellan (2015) to estimate growth in the southern Flathead to estimate growth in the
South Rockies GBPU. We parameterized the model with the vital rates he observed during the
population decline except we used the female mortality of 4.7% observed in the South Rockies.
The population growth rate predicted by this model was 0.98 which was higher than the observed
growth rate (0.92 Cl1 0.88-0.96). We had to increase the total human-caused mortality rate of
females > 2 years of age to 11.7% to generate a A of 0.92. Positive bias in the population estimates
we used due to closure bias can only partly explain the discrepancy because the closure bias
appears modest (18%). Thus, accounting for closure would only increase female mortality to 5.5%.
We conclude that the mortality rate of females must have been much higher than the 4.7% we
estimated in this study. It is probable that unrecorded adult female mortality was much higher
than we estimated by simply doubling the recorded number of non-hunting human-caused
mortalities. Using the policy-based method of accounting for unreported mortality generated
similar results.

Our decision to double the non-hunter kills to account for unreported mortality was based on
pooling data from 13 previous studies, but much of these data came from the Canadian mountain
parks where few people carry firearms, and from the United States, where there is considerable
human settlement but many wildlife officers (McLellan et al. 1999). Reporting of non-hunting kills
may be higher in such areas than it is in remote areas with many ungulate hunters, such as our
study area. It is also likely that only a portion of the rail or road mortalities are recorded and, since
this component of mortality was increasing rapidly during our study, it could have generated many
unreported kills. Furthermore, many railway strikes of grizzly bears involve family groups, which
suggests breeding age females may be disproportionally at risk. Unfortunately, all cubs and most
yearlings are known to perish if their mother is killed (McLellan 2015). If this is true, the railway or
highway may have a disproportionally strong impact on population growth in the Highway 3
corridor given they only occur there (Lamb et al. In Review). When the non-hunting kill was
doubled to account for unreported mortalities, highway mortality accounted for 13%, and railway
mortality for 15%, of the total grizzly bear mortalities in the South Rockies GBPU during our study.

Most of the recorded non-hunting mortality in the South Rockies occurred in the Highway 3
corridor while the hunting mortality was more evenly dispersed (Lamb et al. In Review). Lamb et
al. (In Review) showed that the movement of bears into the Highway 3 corridor, from both the
South Rockies and Flathead units, greatly exceeded movements of bears out of the corridor,
effectively extending the impact of the mortality well beyond the source. This result suggests that
a relatively small area of high mortality can cause declines in grizzly numbers many kilometers
from the source. Population managers must consider the landscape scale of these source/sink
dynamics.
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These data can only be used to evaluate the target mortality levels in the BC grizzly bear harvest
procedure in a very general way. Female mortality is evaluated by provincial harvest managers
based on total population size because sex-based estimates of population size are usually
unavailable. The mean female mortality rate, based on the total population size, was just over the
target of 1.8% in the Flathead. Though the population declined in the Flathead GBPU during our
study, it also recovered with no adjustments to hunting opportunities. In earlier decades, this
population increased rapidly, at about 7%/year, despite being under a similar rate of female
mortality as during this study (i.e. about 3%; McLellan 2015). In the South Rockies, the mean
female mortality rate, based on the total population size, was 2.9% and there was no clear sign of
population recovery despite several adjustments to hunting opportunities. These results suggest
female kill rates >3% of the total population size may cause prolonged population declines when
the population is also food stressed, while, female kill rates <2% appear to be generally
sustainable. Kill rates between 2 and 3% probably also risk causing population decline during
periods of limited food supply. In this arguably worst case, the target female kill of 1.8% appears to
present a moderate level of conservation risk. True kill rates were probably higher during the study
because our population estimates were likely positively biased which would have biased our
estimated kill rates low. In addition, unreported kills were likely much higher than we estimated
which would also have contributed to underestimating kill rates. In populations that are not food
stressed the current BC mortality target likely presents low conservation risk. The total kill rate in
the South Rockies also exceeded the target level of 6% however, large mammal population growth
rates are typically only influenced by male mortality rates when mortality levels reach the point
there are so few males remaining that pregnancy rates are reduced. This has rarely been
documented in any species of large mammal. It is very unlikely to happen with grizzly bears
because females only breed every 3-4 years so, compared to species that breed annually, fewer
males are required to breed all the females in estrous. The total mortality target protects the
population more by limiting the female kill than by limiting the total kill. Even if there was no
female target, females rarely exceed 36% of the kill in these two GBPUs hence, the female kill will
normally be below 2.2% of the total population size when the mortality target for both sexes is 6%.

The larger management question is how the harvest procedure works when a population is in
decline. In this study, there was circumstantial evidence that the population decline was caused by
an interaction between food supply limiting reproduction and high human-caused mortality.
However, the cause of decline in free ranging wildlife populations is often unknown. Probably
many population declines and recoveries happen without being detected by population managers
because tools and funds for monitoring are limited. Mortality management for grizzly bears in BC is
based on a population prediction or estimate, hence inventory, not on monitoring population
trends. And, while more focus could be put on monitoring trends, it may be required only in those
few populations where estimated mortality rates are highest and cannot be reduced by limiting
hunting opportunities because non-hunting mortality is high. Population monitoring will never be
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possible in the majority of the province, so the harvest procedure must be robust to undetected
changes in population size. Practically this means setting conservative mortality rates or,
incorporating trends in abundance or auxiliary indices of food in the harvest procedure.

Exceeding a mortality target does not necessarily imply a population decline. When a target is
exceeded managers respond by reducing hunting opportunity and examining the recent trend in
non-hunting mortality. Efforts to reduce non-hunting mortality may follow. Although population
growth depends on vital rates which can change, in most cases the mortality target is not a
threshold level above which population decline is inevitable. The current target rate of 6% was
sufficient to protect the Flathead population even during a decade long berry failure because
target kill levels were not exceeded. However, this population appears to have little non-hunting
mortality, while the opposite is true for the South Rockies where the population decline was
substantial and non-hunting mortality was high and likely underestimated.

The problem in the South Rockies unit appears to have been the increase in mortality rate during
the population decline. This may be a common occurrence in grizzly bear populations near settled
areas because food shortages often lead to more human-bear conflicts and higher bear mortality
(Pease and Mattson 1999, Gunther et al. 2012). Human-caused mortality of adult bears was very
high in Owikeno Inlet on the central coast of BC following the collapse of the sockeye run into the
inlet (Boulanger et al. 2004). In our study area, many bears acquire most of the fat needed for
hibernation and reproduction eating huckleberries (McLellan 2011), which grow well away from
where humans live and travel. A huckleberry failure may force bears to search for food closer to
humans which can lead to higher mortality during periods of low food (McLellan 2015). Population
managers should monitor the trend in non-hunter mortality so they can promptly respond to
increases and maintain total kill below targets. The trend in non-hunting mortality may also be
useful as a simple method to detect possible declines in grizzly food or abundance. This index must
be used in conjunction with other information (Mowat et al. 2013b) because increased human
conflict may also happen when the population is increasing.

Regehr et al. (2015) suggested female survival, juvenile recruitment and carrying capacity are
useful metrics that could collectively monitor polar bear persistence. Many population monitoring
programs measure survival and recruitment, including the study presented here, but few studies
are able to index or measure carrying capacity through time. Regehr et al. suggested monitoring
the growth rate itself as an index of carrying capacity. Growth at or near the maximum observed
rate for the species suggests the population is well below carrying capacity. No growth suggests
the population is near carrying capacity and, negative growth suggest the population is above
carrying capacity. However the trend must be stable over several years to calculate the growth
rate with adequate precision and to ensure it is not being affected by latent age effects. More
importantly perhaps, human-caused mortality must be trivial or completely recorded. Using the
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observed growth rate to detect changes in carrying capacity will likely only work in very well-
studied species like polar bears, but even then it is only likely to happen in a few populations.
Perhaps a better option for grizzly bears in BC would be to derive simple indices to annually
monitor the most important foods for bears such as salmon, huckleberries, buffaloberries,
whitebark pine cone production, ungulates and herbaceous vegetation. For the vegetative foods,
indices derived from weather data would be ideal because this data is currently collected. These
indices could then be used to identify recent declines in major food which may signal the need to
reduce grizzly bear mortality targets.

The number of grizzly bear hunting tags awarded to resident hunters is based on recent hunter
success such that more tags are issued when success declines. A prolonged reduction in success
may be due to a population decline and, responding to a decline by increasing hunter effort could
exacerbate the decline. Setting static resident tag numbers based on past success (during a period
of population stability) and not increasing tag numbers due to lower recent success would reduce,
but not eliminate, the risk that resident hunting becomes depensatory.

For decades, the Elk valley in the South Rockies population unit has had the highest number of
grizzly bear conflict calls to the Conservation Officer Service in the Kootenay Region. Non-hunter
mortalities in the Elk valley have also far exceeded mortalities in other parts of the Kootenays and,
most areas of the province. The increasing non-hunter mortality is of particular concern in this
area. Hunting harvest is relatively easy to adjust, while there are many challenges in mitigating
non-hunting mortality. Fernie and the Elk valley have had a WildSafeBC program (formerly Bear
Aware) since 2005. Elk valley residents and businesses are knowledgeable about bear conflicts and
have taken advantage of the educational programs available in the valley. Despite this public
engagement and awareness, conflict kills continue to rise suggesting that reducing the kill level will
take concerted planning, and energy to implement these new plans. The rapid increase in road and
rail mortalities is of particular concern because it is not easily addressed.

The population decline documented by McLellan (2015) in the southern Flathead may be broad
scale. Analysis of hunter killed male grizzly bears using age-at-death methods (Skalski et al. 2005)
estimated the grizzly population trend in the entire Kootenay Region increased from 1980 to 2004
and then declined until about 2013 with a small recovery thereafter (lan Hatter, In preparation).
The weather events that caused berry crop failures in the Flathead valley may have had similar
effects across southeast BC, triggering a broad grizzly bear population decline. A concurrent
decline in berry production was measured in the Cabinet mountains 130 km southwest of the
Flathead valley (Holden et al. 2012). While human-caused mortality is likely one factor explaining
the ongoing decline in the South Rockies, it is insufficient to explain the decline across the entire
region because almost all parts of the region have much lower mortality rates than recorded in
either of the populations studied here. Food limitation was probably the ultimate cause of the
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decline while recruitment and mortality were proximate causes. Increases in human-caused
mortality following a food shortage do not appear to occur throughout the grizzly bear range in BC
but rather seem to be centered around areas where humans live in good bear habitat.

This work demonstrates the importance of population monitoring to determine the trend of
populations of concern. A single open model analysis of the entire dataset clearly demonstrated
the trend in both populations. This study also demonstrates that population monitoring using hair
sampling and modest annual effort can generate precise estimates of population parameters with
as few as six years of sampling. This sort of monitoring may also be useful in other places in BC
where mortality is high or populations are small and at risk. Monitoring survival and reproduction
of a sample of collared bears can provide similar data on population trend as well as a variety of
other important information. In particular, collared bears can provide insights into causes and
rates of unrecorded mortalities which appear to be major factors influencing these populations.

Sample coverage was not complete in all years which can lead to unequal capture probabilities for
individuals among years and can bias both survival and recruitment estimates, and hence the
population growth rate. The risk of bias was greatest for females because some have small home
ranges, and individual movement may have been insufficient to ensure recapture probabilities
were similar among bears. We amended the study area boundary to include only areas that were
sampled every year to ensure these changes in sample coverage did not bias the estimates of
demographic parameters. The growth rate for the South Rockies was 0.90 using the full study area
and was 0.92 in the reduced study area suggesting this bias was modest. We also adjusted the
boundary in the Flathead, but there was no change in the growth rate because few bears were
ever captured in the excluded area (the Galton Range).

Variation in capture probabilities among individuals may be caused by factors other than gender,
such as body size or partial residency in the study area. Cubs are particularly small early in the year
and, though other authors have confirmed detection of cubs at bait sites (Kendall et al. 2009), it is
likely that cubs have lower detection probabilities early in the year and, that detections increase as
cubs get larger and are not as tightly controlled by their mothers. Not all individuals, particularly
females, appear to rub on trees in a given year (Clapham et al. 2012, Lamb et al. In press, McLellan
and McLellan, In Prep) which would cause considerable heterogeneity in detection success within
years. Similarly, partial residency by individuals that live on the edge of the study area is a known
cause of capture heterogeneity (Efford 2004). Heterogeneity in detection success is likely always
present, but open models are generally robust to this issue (Williams et al. 2001). In our study, the
estimated parameters such as apparent survival, apparent reproduction, and population growth
were likely robust to heterogeneity, but population estimates were more likely to be biased.
Closed spatial capture-recapture models are preferable for estimating population size because
they accommodate most forms of capture heterogeneity and are not biased by the spatial
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arrangement of traps (Efford 2004). Closed model population estimates of abundance would have

been preferable for estimating kill rates, but we did not have enough data to run closed models

during many years of this study. In conclusion, we believe our mark-recapture based estimates of

survival, reproduction, and population growth are accurate and our estimates of population size

were generally biased high but were likely biased low during years when there was little or no bait

site sampling. The positive bias in population estimates was likely modest (about 18%).

MANAGEMENT RECOMMENDATIONS

Investigate ways to reduce non-hunting grizzly bear kills and increase public safety in the
backcountry. This will require consultation with backcountry users to be successful. Some
options include: mandatory use of bear spray even for hunters; programs to protect camps
and especially meat in the backcountry such as loaner electric fences; and road or trail
closures in areas where conflict is high.

Quantify road and rail mortality of grizzly bears in the parts of the province where road/rail
kills are significant, such as parts of the Highways 1, 3 and 16 corridors.

Investigate past rates of unreported mortality by doing a meta-analysis of all past and
present grizzly bear survival studies in BC. The goal is to quantify what proportion of radio-
collared bears that are killed by people is being recorded in the compulsory reporting
system.

Unreported mortality should be accounted for in the harvest procedure as a portion of the
reported non-hunter mortality. This will make the harvest system responsive to changes in
mortality factors.

Implement simple ways to monitor major grizzly bear food resources annually. Food types
such as salmon, huckleberries, buffaloberries, and green vegetation could be useful starting
points.

Implement population trend monitoring in areas of the province with chronically high
grizzly bear mortality.

Set grizzly bear resident hunter tag numbers at the beginning of each allocation period
based on past success and, do not increase tag numbers during the 5-year allocation cycle if
success goes down.

If measures to reduce non-hunting mortality are not successful, reduce the target mortality
rate in the grizzly bear harvest procedure to ensure the hunt is sustainable during periods
of food shortage.


https://www.researchgate.net/publication/227726317_Density_estimation_in_live-trapping_studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==

Page |25

ACKNOWLEDGEMENTS

Thanks to the many people who have helped with data collection, especially Leo DeGroot, Mike
Gall, Albert Chirico, Cary Gaynor, Rob Neil, Chris Boseman, Becky Philips, Joe Strong, Calvin
Tolkamp, Julie Tyrell, Irene Teske, Tara Szkorupa, Pat Stent, Laura Smit, Laura Grant, Robin Munro,
Grant MacHutchon, Bruce McLellan, and Corrine Hoetmer. Thanks to Bill and Sue Hanlon for
providing logistical support in the field. We would also like to thank the staff at Wildlife Genetics
International in Nelson, BC. The majority of the funding for this project came from the Habitat
Conservation Trust Foundation. Other funding was from the BC Ministry of Forests, Lands and
Natural Resource Operations-Kootenay Region, BP Canada, BC Conservation Corps, Safari Club
International, TECK Coal, and The Nature Trust. Our thanks to each of these organizations. Thanks
to Tara Szkorupa, Doug Heard, Laura Smit and Bruce McLellan for reviewing the draft report and to
Murray Efford and Carl Schwarz for reviewing our R code.

LITERATURE CITED

Anderson, D. R., and K. P. Burnham. 2002. Avoiding Pitfalls When Using Information-Theoretic
Methods. The Journal of Wildlife Management 66:912-918.

Artelle, K. A., S. C. Anderson, A. B. Cooper, P. C. Paquet, J. D. Reynolds, and C. T. Darimont. 2013.
Confronting uncertainty in wildlife management: Performance of grizzly bear management.

Boulanger, J., S. Himmer, and C. Swan. 2004. Monitoring of grizzly bear population trends and
demography using DNA mark—recapture methods in the Owikeno Lake area of British
Columbia. Canadian Journal of Zoology 82:1267-1277. DOI 10.1139/z04-100

Boulanger, J., K. C. Kendall, J. B. Stetz, D. A. Roon, L. P. Waits, and D. Paetkau. 2008. Multiple data
sources improve DNA-based mark-recapture population estimates of grizzly bears.
Ecological Applications 18:577-589.

Clapham, M., O. T. Nevin, A. D. Ramsey, and F. Rosell. 2012. A Hypothetico-Deductive Approach to
Assessing the Social Function of Chemical Signalling in a Non-Territorial Solitary Carnivore.
PloS one 7:e35404.

Efford, M. 2004. Density estimation in live-trapping studies. Oikos 106:598-610.

Elfstrom, M., A. Zedrosser, O. G. Stgen, and J. E. Swenson. 2014. Ultimate and proximate
mechanisms underlying the occurrence of bears close to human settlements: Review and
management implications. Mammal Review 44:5-18.

Gardner, B., J. Reppucci, M. Lucherini, and J. A. Royle. 2010. Spatially explicit inference for open
populations: estimating demographic parameters from camera-trap studies. Ecology
91:3376—-3383.


https://www.researchgate.net/publication/227726317_Density_estimation_in_live-trapping_studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/49667401_Spatially_explicit_inference_for_open_populations_Estimating_demographic_parameters_from_camera-trap_studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/49667401_Spatially_explicit_inference_for_open_populations_Estimating_demographic_parameters_from_camera-trap_studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/49667401_Spatially_explicit_inference_for_open_populations_Estimating_demographic_parameters_from_camera-trap_studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/259550717_Ultimate_and_proximate_mechanisms_underlying_the_occurrence_of_bears_close_to_human_settlements_Review_and_management_implications?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/259550717_Ultimate_and_proximate_mechanisms_underlying_the_occurrence_of_bears_close_to_human_settlements_Review_and_management_implications?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/259550717_Ultimate_and_proximate_mechanisms_underlying_the_occurrence_of_bears_close_to_human_settlements_Review_and_management_implications?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263755730_Monitoring_of_grizzly_bear_population_trends_and_demography_using_DNA_mark-recapture_methods_in_the_Owikeno_Lake_area_of_British_Columbia?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263755730_Monitoring_of_grizzly_bear_population_trends_and_demography_using_DNA_mark-recapture_methods_in_the_Owikeno_Lake_area_of_British_Columbia?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263755730_Monitoring_of_grizzly_bear_population_trends_and_demography_using_DNA_mark-recapture_methods_in_the_Owikeno_Lake_area_of_British_Columbia?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263755730_Monitoring_of_grizzly_bear_population_trends_and_demography_using_DNA_mark-recapture_methods_in_the_Owikeno_Lake_area_of_British_Columbia?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263755730_Monitoring_of_grizzly_bear_population_trends_and_demography_using_DNA_mark-recapture_methods_in_the_Owikeno_Lake_area_of_British_Columbia?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263755730_Monitoring_of_grizzly_bear_population_trends_and_demography_using_DNA_mark-recapture_methods_in_the_Owikeno_Lake_area_of_British_Columbia?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/258504229_Confronting_Uncertainty_in_Wildlife_Management_Performance_of_Grizzly_Bear_Management?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/258504229_Confronting_Uncertainty_in_Wildlife_Management_Performance_of_Grizzly_Bear_Management?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/224822161_A_Hypothetico-Deductive_Approach_to_Assessing_the_Social_Function_of_Chemical_Signalling_in_a_Non-Territorial_Solitary_Carnivore?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/224822161_A_Hypothetico-Deductive_Approach_to_Assessing_the_Social_Function_of_Chemical_Signalling_in_a_Non-Territorial_Solitary_Carnivore?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/224822161_A_Hypothetico-Deductive_Approach_to_Assessing_the_Social_Function_of_Chemical_Signalling_in_a_Non-Territorial_Solitary_Carnivore?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/280745933_Avoiding_pitfalls_when_using_information-theoretic_methods?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/280745933_Avoiding_pitfalls_when_using_information-theoretic_methods?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==

Page |26

Garshelis, D. L., M. L. Gibeau, and S. M. Herrero. 2005. Grizzly bear demographics in and around

Banff National Park and Kananaskis Country, Alberta. Journal of Wildlife Management
69:277-297.

Grizzly Bear Study Team. 2008. Grizzly Bear Population and Density Estimates for Alberta Bear

Management Unit 6 and British Columbia Management Units 4-1, 4-2, and 4-23 (2007).
Alberta Sustainable Resource Development.

Gunther, K. A., M. A. Haroldson, K. Frey, S. L. Cain, J. Copeland, and C. C. Schwartz. 2004. Grizzly
bear—human conflicts in the Greater Yellowstone ecosystem, 1992-2000. Ursus 15:10-24.

Haroldson, M., M. Ternent, K. Gunther, and C. Schwartz. 2002. Grizzly bear denning chronology
and movements in the Greater Yellowstone Ecosystem. Ursus 13:29-37.

Holden, Z. A., W. F. Kasworm, C. Servheen, B. Hahn, and S. Dobrowski. 2012. Sensitivity of berry

productivity to climatic variation in the Cabinet—Yaak grizzly bear recovery zone, Northwest
United States, 1989-2010. Wildlife Society Bulletin 36:226—-231.

Huggins, R. M. 1991. Some Practical Aspects of a Conditional Likelihood Approach to Capture
Experiments. Biometrics 47:725-732.

Kendall, K. C., J. B. Stetz, J. Boulanger, A. C. Macleod, D. Paetkau, and G. C. White. 2009.
Demography and genetic structure of a recovering grizzly bear population. Journal of
Wildlife Management 73:3-17.

Laake, J. 2013. RMark : An R Interface for Analysis of Capture-Recapture Data with MARK.

Lamb, C. T., G. Mowat and D. A. Walsh. Factors influencing detection success of grizzly bears at
genetic sampling sites. Ursus: In Press.

Lamb, C., G. Mowat, B. N. McLellan, S. Boutin. In Review. Human settlement creates an ecological
trap for grizzly bears in a region rich in fruit resources. Submitted to Journal of Applied
Ecology.

Lebreton, J., and K. Burnham. 1992. Modeling Survival and Testing Biological Hypotheses Using

Marked Animals : A Unified Approach with Case Studies. Ecological Monographs 62:67—
118.

Mace, R. D., D. W. Carney, T. Chilton-Radandt, S. A. Courville, M. A. Haroldson, R. B. Harris, J.

Jonkel, B. N. Mclellan, M. Madel, and T. L. Manley. 2012. Grizzly bear population vital rates
and trend in the Northern Continental Divide Ecosystem, Montana. The Journal of Wildlife
Management 76:119-128.

McLellan, B. N., F. W. Hovey, R. D. Mace, J. G. Woods, D. W. Carney, M. L. Gibeau, W. L. Wakkinen,
and W. F. Kasworm. 1999. Rates and causes of grizzly bear mortality in the interior
mountains of British Columbia, Alberta, Montana, Washington, and Idaho. Journal of
Wildlife Management 63:911-920.

McLellan, B. N., and F. W. Hovey. 2001. Natal dispersal of grizzly bears. Canadian Journal of
Zoology 79:838-844.


https://www.researchgate.net/publication/221959090_Modeling_Survival_and_Testing_Biological_Hypotheses_Using_Marked_Animals_A_Unified_Approach_with_Case_Studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/221959090_Modeling_Survival_and_Testing_Biological_Hypotheses_Using_Marked_Animals_A_Unified_Approach_with_Case_Studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/221959090_Modeling_Survival_and_Testing_Biological_Hypotheses_Using_Marked_Animals_A_Unified_Approach_with_Case_Studies?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/265996086_Some_Practical_Aspects_of_a_Conditional_Likelihood_Approach_to_Capture_Experiments?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/265996086_Some_Practical_Aspects_of_a_Conditional_Likelihood_Approach_to_Capture_Experiments?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/295551774_Factors_influencing_detection_success_of_grizzly_bears_at_genetic_sampling_sites?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/295551774_Factors_influencing_detection_success_of_grizzly_bears_at_genetic_sampling_sites?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/232669895_Grizzly_bear-human_conflicts_in_the_Greater_Yellowstone_ecosystem_1992-2000?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/232669895_Grizzly_bear-human_conflicts_in_the_Greater_Yellowstone_ecosystem_1992-2000?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/241479948_Grizzly_bear_denning_chronology_and_movements_in_the_Greater_Yellowstone_Ecosystem?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/241479948_Grizzly_bear_denning_chronology_and_movements_in_the_Greater_Yellowstone_Ecosystem?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/277519096_Rates_and_Causes_of_Grizzly_Bear_Mortality_in_the_Interior_Mountains_of_British_Columbia_Alberta_Montana_Washington_and_Idaho?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/277519096_Rates_and_Causes_of_Grizzly_Bear_Mortality_in_the_Interior_Mountains_of_British_Columbia_Alberta_Montana_Washington_and_Idaho?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/277519096_Rates_and_Causes_of_Grizzly_Bear_Mortality_in_the_Interior_Mountains_of_British_Columbia_Alberta_Montana_Washington_and_Idaho?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/277519096_Rates_and_Causes_of_Grizzly_Bear_Mortality_in_the_Interior_Mountains_of_British_Columbia_Alberta_Montana_Washington_and_Idaho?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/267509042_RMark_an_R_Interface_for_analysis_of_capture-recapture_data_with_MARK?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/264759569_Sensitivity_of_Berry_Productivity_to_Climatic_Variation_in_the_Cabinet-Yaak_Grizzly_Bear_Recovery_Zone_Northwest_United_States_1989-2010?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/264759569_Sensitivity_of_Berry_Productivity_to_Climatic_Variation_in_the_Cabinet-Yaak_Grizzly_Bear_Recovery_Zone_Northwest_United_States_1989-2010?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/264759569_Sensitivity_of_Berry_Productivity_to_Climatic_Variation_in_the_Cabinet-Yaak_Grizzly_Bear_Recovery_Zone_Northwest_United_States_1989-2010?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263414453_Natal_dispersal_of_grizzly_bears?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/263414453_Natal_dispersal_of_grizzly_bears?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/229531524_Demography_and_Genetic_Structure_of_a_Recovering_Grizzly_Bear_Population?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/229531524_Demography_and_Genetic_Structure_of_a_Recovering_Grizzly_Bear_Population?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/229531524_Demography_and_Genetic_Structure_of_a_Recovering_Grizzly_Bear_Population?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==

Page |27

McLellan, B. N. 2011. Implications of a high-energy and low-protein diet on the body composition,
fitness, and competitive abilities of black (Ursus americanus) and grizzly (Ursus arctos)
bears. Canadian Journal of Zoology 89:546-558.

McLellan, B. N. 2015. Some mechanisms underlying variation in vital rates of grizzly bears on a
multiple use landscape. The Journal of Wildlife Management 79: 749-765.

Mowat, G., D. C. Heard, D. R. Seip, K. G. Poole, G. Stenhouse and D. W. Paetkau. 2005. Grizzly and
black bear densities in the interior mountains of North America. Wildlife Biology 11:41-58.

Mowat, G., M. Efford, B. McLellan, and S. Nielsen. 2013a. South Rockies & Flathead Grizzly Bear
Monitoring Final Report 2006-2011. BC Ministry of Forests, Lands, and Natural Resource
Operations. Available from
http://www.researchgate.net/profile/Garth_Mowat/publication/255970768_South_Rockie
s__Flathead_Grizzly_Bear_Monitoring/links/00b49521522e83883c000000.pdf (accessed
December 18, 2015).

Mowat, G., D. C. Heard and C. J. Schwarz. 2013b. Predicting grizzly bear density in western North
America. PLoS One. 8(12): e82757.

Nichols, J., and J. Hines. 2002. Approaches for the direct estimation of u, and demographic
contributions to u, using capture-recapture data. Journal of Applied Statistics 29:539-568.

Pease, C. M. and D. J. Mattson. 1999. Demography of the Yellowstone grizzly bear. Ecology 80:957-
975. DOI: 10.1890/0012-9658(1999)080[0957:DOTYGB]2.0.CO;2

Pradel, R. 1996. Utilization of capture-mark-recapture for the study of recruitment and population
growth rate. Biometrics 52:703-709.

Proctor, M., and B. McLellan. 2004. Gender-specific dispersal distances of grizzly bears estimated
by genetic analysis. Canadian Journal of Zoology 1118:1108-1118.

Proctor, M. F., D. Paetkau, B. N. Mclellan, G. B. Stenhouse, K. C. Kendall, R. D. Mace, W. F.
Kasworm, C. Servheen, C. L. Lausen, and M. L. Gibeau. 2012. Population fragmentation and
inter-ecosystem movements of grizzly bears in western Canada and the northern United
States. Wildlife Monographs 180:1-46.

Proctor, M. F., S. E. Nielsen, W. F. Kasworm, C. Servheen, T. G. Radandt, A. G. Machutchon, and M.
S. Boyce. 2015. Grizzly bear connectivity mapping in the Canada—United States trans-border
region. The Journal of Wildlife Management 79:544-558.

Regehr, E. V., R. R. Wilson, K. D. Rode, and M. C. Runge. 2015. Resilience and risk: a demographic
model to inform conservation planning for polar bears. US Geological Survey. Available
from http://pubs.er.usgs.gov/publication/ofr20151029 (accessed December 18, 2015).

Skalski, J. R., K. E. Ryding, and J. Millspaugh. 2010. Wildlife Demography: Analysis of Sex, Age, and
Count Data. Academic Press.

Stoen, O0.-G., A. Zedrosser, S. Saebo, and J. E. Swenson. 2006. Inversely density-dependent natal
dispersal in brown bears Ursus arctos. Oecologia 148:356—-364.


https://www.researchgate.net/publication/229002838_Grizzly_Ursus_arctos_and_black_bear_U_americanus_densities_in_the_interior_mountains_of_North_America?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/229002838_Grizzly_Ursus_arctos_and_black_bear_U_americanus_densities_in_the_interior_mountains_of_North_America?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/242202549_Utilization_of_Capture-Mark-Recapture_for_the_Study_of_Recruitment_and_Population_Growth_Rate?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/242202549_Utilization_of_Capture-Mark-Recapture_for_the_Study_of_Recruitment_and_Population_Growth_Rate?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/280801119_Demography_of_the_Yellowstone_grizzly_bears?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/280801119_Demography_of_the_Yellowstone_grizzly_bears?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/277024480_Some_mechanisms_underlying_variation_in_vital_rates_of_grizzly_bears_on_a_multiple_use_landscape_Variation_in_Grizzly_Bear_Vital_Rates?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/277024480_Some_mechanisms_underlying_variation_in_vital_rates_of_grizzly_bears_on_a_multiple_use_landscape_Variation_in_Grizzly_Bear_Vital_Rates?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/237973810_Implications_of_a_high-energy_and_low-protein_diet_on_the_body_composition_fitness_and_competitive_abilities_of_black_Ursus_americanus_and_grizzly_Ursus_arctos_bears?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/237973810_Implications_of_a_high-energy_and_low-protein_diet_on_the_body_composition_fitness_and_competitive_abilities_of_black_Ursus_americanus_and_grizzly_Ursus_arctos_bears?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/237973810_Implications_of_a_high-energy_and_low-protein_diet_on_the_body_composition_fitness_and_competitive_abilities_of_black_Ursus_americanus_and_grizzly_Ursus_arctos_bears?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/230551939_Population_Fragmentation_and_Inter-Ecosystem_Movements_of_Grizzly_Bears_in_Western_Canada_and_the_Northern_United_States?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/230551939_Population_Fragmentation_and_Inter-Ecosystem_Movements_of_Grizzly_Bears_in_Western_Canada_and_the_Northern_United_States?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/230551939_Population_Fragmentation_and_Inter-Ecosystem_Movements_of_Grizzly_Bears_in_Western_Canada_and_the_Northern_United_States?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/230551939_Population_Fragmentation_and_Inter-Ecosystem_Movements_of_Grizzly_Bears_in_Western_Canada_and_the_Northern_United_States?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/24083296_Approaches_for_the_direct_estimation_of_l_and_demographic_contributions_to_l_using_capture-recapture_data?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/24083296_Approaches_for_the_direct_estimation_of_l_and_demographic_contributions_to_l_using_capture-recapture_data?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/259457159_Predicting_Grizzly_Bear_Density_in_Western_North_America?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/259457159_Predicting_Grizzly_Bear_Density_in_Western_North_America?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/274013373_Grizzly_bear_connectivity_mapping_in_the_Canada-United_States_trans-border_region_Grizzly_Bear_Connectivity_Mapping?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/274013373_Grizzly_bear_connectivity_mapping_in_the_Canada-United_States_trans-border_region_Grizzly_Bear_Connectivity_Mapping?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/274013373_Grizzly_bear_connectivity_mapping_in_the_Canada-United_States_trans-border_region_Grizzly_Bear_Connectivity_Mapping?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==

Page |28

White, G. C., and K. P. Burnham. 1999. Program MARK: survival estimation from populations of
marked animals. Bird Study 46:5120-S139.

Williams, B. K., J. D. Nichols, and M. J. Conroy. 2002. Analysis and Management of Animal
Populations First Edition. Academic Press, San Diego, USA.


https://www.researchgate.net/publication/216771416_Program_MARK_Survival_Estimation_from_Populations_of_Marked_Animals?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==
https://www.researchgate.net/publication/216771416_Program_MARK_Survival_Estimation_from_Populations_of_Marked_Animals?el=1_x_8&enrichId=rgreq-b3ab6726d4e8a58be7c10412af9c9c2f-XXX&enrichSource=Y292ZXJQYWdlOzMwMjkzNDczOTtBUzozNjEzMTc1Njg0MDE0MDhAMTQ2MzE1NjIyOTkzOA==

Page |29

APPENDIX

0.85-

0.80 %
= 0.2
g £
2 >
@ 2
+= 0751 am
o c

)

g 8 0.11
o o
< .70 2—

0.65- 0.0

SR FH SR FH
GBPU GBPU

Fig. A1. Mean apparent survival and recruitment rates for the South Rockies GBPU during 2006-
2013 and the Flathead GBPU during 2007-2014.
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Fig. A2. Annual human-caused mortality rate of grizzly bears for each GBPU. The dotted horizontal
line represents the 6% harvest policy cap. Annual population estimates are from the demographic
analyses above, and kill data come from the Compulsory Inspection database. Unreported
mortalities were accounted for by adding 2% to the observed mortality rate.
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Fig. A3. Annual human-caused mortality rate of female grizzly bears for each GBPU. The dotted
horizontal line represents the 1.8% target mortality level. Annual population estimates are from
the demographic analyses above, and kill data come from the Compulsory Inspection database.
Unreported mortalities were accounted for by adding 1% to the observed mortality rate.
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Fig. A4. Total annual human-caused mortality rate of male and female grizzly bears by source
(Hunter or Non-Hunter) for each GBPU as a percentage of the sex-specific population size. Annual
population estimates are from this study, and kill data come from the Compulsory Inspection
database. Unreported mortalities were accounted for by adding 2% to the observed mortality rate.
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Fig. A5. The relationship between the timing of non-invasive genetic sampling and the timing of
human-caused bear mortalities in the South Rockies and Flathead grizzly bear population units
during 2006-2013. Many mortalities within the average sampling window would suggest a
violation of the closure assumption during sampling of the secondary sessions. However, our
sampling did not begin until after the hunting season and the majority of non-hunting kills happen
in fall, after our sampling was completed.
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Current range expansions of large terrestrial carnivores are occurring follow-
ing human-induced range contraction. Contractions are often incomplete,
leaving small remnant groups in refugia throughout the former range.
Little is known about the underlying ecological and evolutionary processes
that influence how remnant groups are affected during range expansion. We
used data from a spatially explicit, long-term genetic sampling effort of griz-
zly bears (Ursus arctos) in the Northern Continental Divide Ecosystem
(NCDE), USA, to identify the demographic processes underlying spatial
and temporal patterns of genetic diversity. We conducted parentage analysis
to evaluate how reproductive success and dispersal contribute to spatio-
temporal patterns of genetic diversity in remnant groups of grizzly bears
existing in the southwestern (SW), southeastern (SE) and east-central (EC)
regions of the NCDE. A few reproductively dominant individuals and
local inbreeding caused low genetic diversity in peripheral regions that
may have persisted for multiple generations before eroding rapidly
(approx. one generation) during population expansion. Our results highlight
that individual-level genetic and reproductive dynamics play critical
roles during genetic assimilation, and show that spatial patterns of genetic
diversity on the leading edge of an expansion may result from historical
demographic patterns that are highly ephemeral.

1. Introduction

Worldwide, many large terrestrial carnivores suffered population declines and
extirpation from much of their range during the nineteenth and early twentieth
centuries [1-4]. Though some populations continue to decline or remain
imperilled, many populations are now stable or rapidly recovering [5]. Given
the crisis nature of conservation biology [6], most research focuses on deter-
mining the mechanisms underpinning population decline, range contraction,
or extirpation. On the other hand, understanding of the recovery process
and subsequent range expansion following contraction is based largely on
theoretical simulations [7-13] and historical reconstructions [14-17], and
thus relies heavily on idealized scenarios. This is particularly true for large car-
nivores, as detailed data collected at appropriate spatial and temporal scales
necessary for tracking expansion processes in long-lived and highly mobile
organisms are extraordinarily rare.

Population genetic theory generally predicts greater differentiation and
lower genetic diversity on the leading edge of range expansions [7-11,13].
This pattern arises from the long-distance dispersal of small numbers of found-
ing individuals at the edges of the expansion zone. Typically, gene flow
(dispersal) between populations increases as the contiguous population con-
tinues to expand, leading to greater similarity between populations at the
range core and on the periphery [7,12,18]. However, when remnant groups

© 2016 The Author(s) Published by the Royal Society. All rights reserved.
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exist in the direct path of the core expansion, the manner and
timescale of assimilation is currently unknown, and prob-
ably depends on reproductive success, dispersal rate, and
habitat carrying capacity [7,10,12]. Initially, remnant
groups tend to have low genetic diversity due to generations
of relative isolation, low effective population sizes, and sub-
sequent genetic drift. Theoretical simulations suggest that
during population expansion an infusion of dispersers
from the neighbouring core and subsequent interbreeding
between populations function to increase genetic diversity
within peripheral populations [7,8,13].

Numerous populations of carnivores persist as remnants
[19-29], largely due to habitat fragmentation and persecu-
tion, with climate change expected to exacerbate the
problem in additional populations [30]. Nevertheless, few
studies have examined fine-scale interactions between
expanding core populations and existing remnant groups
because the temporal and spatial data necessary to do so
are rarely available. Empirical studies at the ecosystem scale
at which large carnivores function can reveal patterns in
spatial genetic diversity and help identify the underlying eco-
logical and evolutionary processes responsible for observed
patterns. Demographic dynamics (e.g. dispersal, reproduc-
tion, and carrying capacity), in particular, probably have a
very strong impact on contemporary evolutionary processes
responsible for spatio-temporal patterns of genetic diversity
observed during ongoing range expansions.

Logistically, investigating reproductive success and dis-
persal in large carnivores is exceedingly difficult given the
challenges posed by the life history and ecology of most
species. Many large carnivores are solitary and most are
wide-ranging, making observational assessments of mater-
nity difficult and paternity nearly impossible to ascertain.
Migration and dispersal studies traditionally use mark—
recapture or tracking technologies to follow individuals
over time, but often suffer from insufficient sample sizes
and focus on subsets of ecosystems due to the monetary
expenses and time involved. Inferred methods (e.g. parent-
age/kinship analysis) have therefore been the preferred
method of reconstructing kin relationships [31-41]. However,
large carnivores are often long-lived and have overlapping
generations, making it difficult to obtain the spatial and
temporal genetic data needed to construct accurate pedigrees.
Given these challenges, no study has evaluated how demo-
graphic phenomena occurring in remnant, low-density
groups and an expanding core influence subsequent patterns
of intraspecific genetic diversity in large carnivores.

Grizzly bears (Ursus arctos) in the contiguous USA
survive in four geographically separated populations [42],
a fraction of their former range. Only two of these, the
Northern Continental Divide Ecosystem (NCDE) and the
Greater Yellowstone Ecosystem (GYE) support more than
approximately 80 individuals. Dispersal between populations
is rare, especially for females [43], but does occur in limited
cases [44], and the NCDE population remains connected to
Canadian populations. The NCDE population was listed as
threatened in 1975 [45], but has been showing signs of recov-
ery, both in terms of occupied range [46] (Mace R, Roberts
L. 2012 Northern Continental Divide Ecosystem Grizzly
Bear Monitoring Team Annual Report, 2012. Montana Fish,
Wildlife & Parks, 490 N. Meridian Road, Kalispell, MT
59901, 2012, unpublished data) and population abundance,
growing from approximately 765 individuals in 2004 [46] to

nearly 1000 individuals in 2009 [47]. Historically, Glacier [ 2 |

National Park (GNP), in the most northern NCDE, was a
stronghold for the population with higher protection
afforded to individuals within park boundaries resulting in
fewer human-caused mortalities [45]. Partly as a result,
GNP and adjacent lands, henceforth referred to as the core,
had high densities of grizzly bears, while lands further
south supported low densities of bears that were probably
semi-isolated when populations were smaller, as evidenced
by historical genetic structure [46].

The combination of an incomplete range contraction and
subsequent expansion provides a valuable natural experiment
using grizzly bears as a model carnivore species. Grizzly bears
can reach nearly 30 years of age [47], have overlapping gener-
ations with a generation length of approximately 10 years [48],
and exhibit many of the same traits that make studying other
large carnivores difficult. Here, we use extremely rare, highly
rigorous spatial and temporal grizzly bear genetic data col-
lected at an ecosystem scale to (i) evaluate the spatial and
temporal dynamics of genetic diversity during grizzly bear
population growth and range expansion in the NCDE and
(ii) identify the underlying demographic processes responsible
for spatial and temporal fluctuations in genetic diversity.

2. Material and methods
(a) Study area

The 32000 km® NCDE is one of the largest and most intact eco-
systems in the USA. The vast majority of land is protected
mountainous terrain, encompassing GNP, all or portions of five
national forests (Flathead, Lolo, Lewis & Clark, Lincoln, and
Kootenai), five wilderness areas (Bob Marshall, Scapegoat,
Great Bear, Mission Mountain, and Rattlesnake), three wilder-
ness study areas (Mount Hefty Tuchuck, Thompson-Seton, and
Ten Lakes), parts of the Blackfeet Nation and Confederated
Salish and Kootenai Reservations, along with private land hold-
ings located mostly on the eastern, western, and southern
periphery. Waterton Lakes National Park in Alberta, Canada, is
adjacent to the northern boundary of the NCDE.

(b) Genetic samples

Two independent sampling methods were used to collect genetic
samples (bear hair) from 1998-2012: (i) hair traps—corrals of
barbed wire with lure in the centre systematically distributed
using an 8 x 8 km (1998, 2000) or 7 x 7km (2004) grid and
(ii) bear rubs—naturally occurring trees or other objects
that bears rub on fitted with barbed wire (1998-2000,
2004, and 2009-2012). From 1998 to 2000, sampling occurred
on 8000km? in the northern extent of the NCDE (north of
Highway 2 (figure 1)), whereas systematic and consistent,
ecosystem-wide sampling occurred in 2004 and 2009-2012. In
total, there were 6 160 confirmed grizzly bear detections, leading
to the identification of 1115 unique individual genotypes (520
male, 595 female). All samples were originally genotyped at
seven variable microsatellite loci to identify unique individuals
(G10], G1A, G10B, G1D, G10H, G10M, and G10P). We then
attempted to extend genotypes of a subset of samples to 16
(n=142) (previous seven loci in addition to G10C, CXX110,
CXX20, G10L, MU50, MU59, G10U, MU23, and G10X) and 24
markers (n = 637) (previous 16 loci in addition to REN145.P07,
MSUT2, CPH9, MU51, REN144.A06, MU26, D123, and D1A)
as resources and sample material allowed (electronic supplemen-
tary material, tables S1 and S2). Individuals were also genotyped
at amelogenin to identify gender [49]. We sampled 71% (95%
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Figure 1. Average locations of 1115 individual grizzly bears in the Northern
Continental Divide Ecosystem (NCDE), USA, between 1998 and 2012. Black
polygons encompass buffered regions of interest due to low heterozygosity
(Ho) in 2004, clipped by the sampled study area (double lines).

CI = 66-76%) of the population in 2004 [46] suggesting that most
individuals first identified in 2009-2012 are younger bears.
Further details on data collection, laboratory protocol, molecular
analysis, and data quality control are available in Kendall et al.
[46]. Samples collected from 2009 to 2012 were processed in the
same laboratory with the same procedures as Kendall et al.
[46]. Assuming a 2-3% annual rate of increase in the NCDE
population [47], approximately 30-35% of the population was
sampled annually from 2009 to 2012.

(c) Spatial genetic diversity

To describe spatial patterns of genetic diversity (Objective 1), we
split samples into three time periods: samples collected in 2004
(545 individuals), 2009-2010 (449 individuals), and 2011-2012
(494 individuals). Within each time period, we averaged
locations of individuals that were detected more than once. We
performed calculations with the seven loci that were genotyped
consistently (electronic supplementary material, table S2) across
study years and individuals. We found positive spatial auto-
correlation of genotypes out to 66 km using Genalex 6.5 [50]
(electronic supplementary material, figure S1), and subsequently
used this to define the extent of the neighbourhood used for cal-
culating spatial patterns in genetic diversity. We calculated
six metrics of local genetic diversity using a radius of 33 km in
a moving-window analysis with the spatial Genetic Diversity
package (sGD) [51] for the R statistical environment [52]. We cal-
culated metrics when more than or equal to 10 individuals were
contained within the 33 km radius of each focal individual.

(d) Parentage analysis

We used the full-pedigree likelihood approach implemented in
COLONY 2.0 [52-54] to identify familial relationships among
grizzly bears in the NCDE. COLONY iteratively substitutes indi-
viduals into clusters of family groups based on genotypes to

determine the most parsimonious family tree configuration
[53-55] and has been shown to be quite accurate (80-100%
correct assignments) with more than or equal to 10 loci geno-
typed when run on a simulated population with similar
attributes to the NCDE grizzly bear population [56].
This method also infers genotypes of non-sampled parents. All
1115 genotypes were included in the analysis. Missing alleles
are dropped from analysis so that individuals genotyped at
fewer loci are compared only at available loci. We report parent-
age results from a single long run in COLONY (approx. 300
million iterations) using all data where we allowed polygamy
in both sexes, and estimated that the proportion of sampled
parents was 0.4 for each sex and genotyping error was set at
0.001 for each locus. We used COLONY output to quantify
the number of offspring and partners per individual, without
considering inferred parents.

(e) Reproductive success

To quantify individual reproductive success, we used samples
collected in 2004 as our baseline adult generation because
sampling in this year was systematic across the entire ecosystem,
the number of loci genotyped was consistent (electronic sup-
plementary material, table S1, more than 93% individuals had
24 markers genotyped), and because we had high probabilities
of detecting their offspring in later years of sampling
(2009-2012) based on age of primiparity. Female grizzly bears
in the NCDE reach primiparity at a mean of 5.4 years old and
average 2 cubs per litter, with each litter separated by approxi-
mately 3 years [47]. Male first age of reproduction can be as
early as 4 years old, but can be later when older, more dominant
males are present. Reproductive success refers only to the
sampling period and incorporates individuals varying in age at
the end of the study, and thus differs from lifetime reproductive
success. We averaged the proportion of reproductively successful
adult bears within each genetic neighbourhood based on a 33 km
radius in a moving-window analysis (analogous to the above
approach (sGD) used to calculate genetic diversity). We then
compared results to weighted neighbourhood estimates of rela-
tive median density of male and female bears with original
10 km resolution [57].

(f) Low-diversity persistence and assimilation

We used spatial patterns in observed heterozygosity (Hp) from
2004 to identify peripheral regions in the NCDE where grizzly
bears had low genetic diversity. Peripheral regions were bounded
by selecting individuals with Hp values less than 0.70, creating
minimum convex polygons of individuals in each of the regions,
and then buffering the polygons by 33 km to encompass individ-
uals factoring into the low sGD estimates. To assess temporal
changes in genetic diversity within the regions with low Hp,
we used the same boundaries and tracked changes in regional
Agr, Ho, Hg between time periods using the diveRsity package
[58] for the R statistical environment [52]. We assessed signifi-
cance of the difference across time in genetic metrics through
bootstrap sampling of individuals within each region with 1000
replicates. Additionally, mean F;s was calculated using 1000
bootstrap replicates. We then used patterns in individual repro-
ductive success and dispersal to identify the demographic
mechanisms potentially responsible for spatio-temporal patterns
in genetic diversity (Objective 2).

Individuals within the buffered regions of low Hp were classi-
fied as contemporary residents or immigrants (individuals
dispersing from outside of the region). We used the mean location
of mothers assigned in the parentage analysis as individual ori-
gins (i.e. locations of natal home ranges, as in [37,39,59]). When
mothers were inferred and individuals were assigned fathers
only, we used the mean location of the father as the origin. If no
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Figure 2. Observed heterozygosity (Ho) in the NCDE. Small, light-coloured circles represent low Ho, while large, dark-coloured circles represent higher Hy. Black
polygons encompass regions of interest due to low Hy in 2004. Small black dots indicate areas where individuals were detected but there were insufficient sample

sizes (n << 10) to accurately calculate summary statistics.

parents were assigned, we had no information on origin location,
and classified the individual as unknown. Individuals within each
region that originated from outside of the region were classified as
immigrants and individuals that had originated within the region
were classified as residents unless they had descended from one of
the identified immigrants, in which case they were classified as
immigrant offspring or grandoffspring. Immigrants that origi-
nated from more than 66 km away from the region were
additionally classified as long-distance migrants.

3. Results

(a) Spatial and temporal patterns in genetic diversity
Observed Hp was relatively low in three regions of the NCDE
in 2004; the southwest (SW), east-central (EC), and southeast
(SE) (figure 2). In the SE, SW, and EC regions, we sampled 45,
28, and 98 different bears in 2004, 64, 32, and 104 bears in
2009-2010, and 72, 32, and 120 bears in 2011-2012.
Five other measures of diversity: (i) the average number of
alleles per locus (A), (ii) proportion of alleles in a genetic
neighbourhood (Ap), (iii) allelic richness (Ag), (iv) Nei’s
genetic diversity (Hs), and (v) the inbreeding coefficient
(Fis) exhibit similar patterns of diversity as Ho (electronic
supplementary material, figures S2-S6). Varying the mini-
mum number of neighbours and neighbourhood size had
little effect on results.

(b) Reproductive success

The parentage analysis yielded 1287 assignments, including
435 triads (offspring with two assigned parents), 621
mother—offspring (M-O) dyads, and 666 father—offspring
(F-O) dyads. Nearly all assignments contained zero mis-
matching loci, with eight assignments containing one
mismatched loci, and one assignment containing two mis-
matched loci. Respectively, 205 and 139 unique mothers
and fathers were identified from the full dataset.

Individual reproductive success varied greatly for both
sexes (electronic figure S7a).
Female reproductive success ranged from 0 offspring for
nearly 50% of females up to 10 offspring for one individual
in the SE, with a mean of 1.55 (median = 1). Male reproduc-
tive success ranged from 0 to 18 offspring with a mean of 2.06
(median = 0). Variability of success was substantial; over half
of the males (59%) produced 0 detected offspring, while the

supplementary material,

top four reproducers (located in the central and southern
NCDE) fathered between 16 and 18 detected offspring each.
A higher proportion of females (0.50) had reproductive
success than did males (0.41) (p = 0.03, two sample test for
equality of proportions).

There was a strong inverse relationship between bear den-
sity and the number of offspring per adult and the proportion
of successful adults of both sexes. In the north part of the
NCDE, bear density was highest and reproductive success
was lowest (less than 40% of males with more than one
offspring; electronic supplementary material, figure S8). In
the lowest density areas, males produced an average of
nearly twice as many detected offspring compared with
males in high density areas (approx. 50% of males with
more than or equal to one offspring), and females produced
approximately 40% more offspring.

(c) Demographic mechanisms explaining patterns
of genetic diversity

Several individuals with extremely high reproductive success
had a large number of descendants in two of the three regions
with relatively low genetic diversity (SE and SW), probably
compounding the effects of contemporary and historical
regional inbreeding associated with historical population
decline and fragmentation. The relatively low genetic diver-
sity in the SE region can be partially explained by the
reproductive success of one individual. All of the SE residents
(13 of 13) and nearly half of the individuals with unknown
origins (8 of 18) detected in 2004 descend from one inferred
male, and nearly all residents (11 of 13) also descended
from one inferred female. The male fathered a highly
productive male (8 offspring) and the two most productive
females (10 and 8 offspring, respectively) in the entire ecosys-
tem with two inferred females. The productive half-siblings
(the male and females had the same father, but different
mothers) also subsequently mated with each other, produ-
cing six offspring together. We sampled 101 descendants of
the inferred male during the entire study period, primarily
in the SE region (electronic supplementary material,
figure S9b). The proportion of immigrants in the SE increased
between 2004 and 2009-2010 samples (31-41%). This was
largely due to an increase in the number of immigrant off-
spring between 2004, when three immigrant offspring were
detected, and 2009-2010, when 10 immigrant offspring
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Table 1. Number of immigrants into each region through time. Note that the same individual may be labelled as a migrant in multiple years. Long-distance [}

migrants (LDM) are a subsample of immigrants in the region, not additional individuals.

2004

ciass o ‘ total (LDM)
immigrants 11 (6)

‘ immigraht offspfing ‘ ‘ ‘ 3(3)
immigrant grandoffspring 0 (0)
total immigrants in region 14 (9)
total bears sampled in region 45

percentage of region of immigrant origin

31.11% (20.00%)

2009-2010 2011-2012
* total (LDM)  total (LDM)
16 (7) 22 (10)
..... B i
0(0) 0.(0)
26 (14) 2 (13)

64 72
40.63% (21.88%)

southwest (SW) immigration

iminigfants o 5(1)
immigrant offspring 0(0)
irhmigfant grandoffspring » » 0(0)
total immigrants in region 5(1)
total bears sampled in fegion ‘ ‘ 28

percentage of region of immigrant origin

17.86% (3.57%)

803) 70)
4(1) 6 (0)
00 000
12 (4) 13Q)

,,,,,, i o -

37.50% (12.50%)

east-central (EC) immigration

immigrants 27 (6)
immigrant offspring 7(5)
immigrant grandoffspring 70)
total ‘imfnigrants in re»gilon » ‘ 41 (14)
total bears sampled in region 9

percentage of region of immigrant origin

were detected (table 1). This increase in immigrant reproduc-
tive success, as well as an increase in the number of bears
detected, coincides with a significant increase in Hp
(table 2) that continued through 2012 (2004 to 2009-2010
mean differences in Ho = 0.06 (lower 95% CI 0.00), 2004 to
2011-2012 mean differences in Ho=0.06 (lower 95% CI
0.00)) and the erosion of the low diversity signature visible
in 2004 in less than one generation (figure 2a—c).

In the SW region, one male dominated reproduction,
siring 17 offspring, most of which dispersed only short
distances (electronic supplementary material, figure S9a). Of
those offspring, 14 descended from four females, three of
which were three generations of a single family (‘grand-
mother’—‘daughter’—‘granddaughter’). In 2004, the majority
(10 of 16) of all residents sampled in the region were the off-
spring of this male. We detected 61 descendants of this male
throughout the study. Dispersal into the region was substan-
tial, and increased over time from a low of 5 in 2004 to 8 and 7
in 2009-2010 and 2011-2012, respectively, and included sev-
eral immigrant offspring in the later sampling periods
although not in 2004 (table 1). However, we identified only
one long-distance disperser in each sampling period that
did not come from one of the other two low diversity regions,
and most immigrants were concentrated in the eastern side of
the region. Despite increasing dispersal into the region, and a
very slight increase in the number of bears detected, no
significant difference in genetic diversity was observed over
time (table 2).

41.84% (14.29%)

30 (1) M)
14 (5) 14 (5)
4 (3) 8 (4)
48 (19) o 63 (20)

104 120

 46.15% (18.27%) 52.50% (16.67%)

The demographic processes underlying low initial diver-
sity and subsequent increase in diversity in the EC region
were more complicated than in the SE or SW. Despite low
levels of Ho in 2004 (figure 2a), no sampled or inferred individ-
uals contributed disproportionately to the local gene pool. In
2004, the individual with the most resident descendants
in the region is the same inferred male that contributed dispro-
portionately to the SE region (10 residents), while 10
immigrants in the region could be traced back to an individual
detected far outside of the region which fathered two male
immigrants, one of which was quite reproductively
successful in the region (eight descendants). In 2004, we ident-
ified 27 immigrants, 7 immigrant offspring, and 7 immigrant
grandoffspring (table 1). The presence of these immigrants
and especially immigrant grandoffspring in 2004, which
were not detected in either of the other two regions, suggests
that dispersal into the EC began at least one or two generations
prior to the other two regions. In spite of the large numbers of
detected immigrants, genetic diversity was relatively low in
2004, suggesting that genetic diversity in this region may
have been even lower in the past. Hg increased between 2004
and each of the latter two time periods, rising 0.05 (lower
95% CI 0.01) between 2004 and 2009-2010 and 0.07 (lower
95% CI 0.03) between 2004 and 2011-2012 (table 2). This
also coincides with an increasing proportion of immigrants
in the region, from 42% in 2004 to 46% in 2009-2010
and 53% in 2011-2012 (table 1). Levels of inbreeding (Fis)
in the EC were higher than expected under random mating
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Table 2. Bootstrapped differences of genetic metrics through time within regions. Lower 95% confidence intervals not encompassing zero were considered [}

significant differences between time periods.

allelic richness (4g)

mean lower

region difference 95% d

EC 2004 to 2009—2010 0.05 —032

EC 2004 to 20112012 0.12 —025

T e B

SE 2004 to 2009—2010 0.5 —023
et et

SE 2009—2010 to 20112012 —001 —039
e A i

SW 2004 to 20112012 0.0 —027
CSW2009-2010 t0 2011-2012 0.1 —047

core (GNP) 2004 to 20092010 005 —0.19
core (GNP) 2004 to 2011-2012 015 —013

core (GNP) 2009—2010 to 2011—2012 0.10 —0.18

(i.e. there was a deficit of heterozygotes) in 2004 (Fis = 0.04
(95% CI 0.00-0.09)), but had decreased by 2009-2010 (Fis =
0.00 (95% CI —0.04-0.04)), and by 2011-2012, were lower
still  (Fis= —0.02 (95% CI —0.06-0.02)); (electronic
supplementary material, figure S5a—c and table S3).

4. Discussion

We used data from an extensive and rigorous ecosystem-scale
genetic monitoring programme to demonstrate that genetic
diversity in a large carnivore can be ephemeral and dynamic
on the periphery of its range. Shifts in distribution, range
expansions, and recolonizations primarily driven by climate
change [60-62], species invasions [63], and more recently
population growth of recovering species [64] are becoming
increasingly ubiquitous for all biota, and increasingly compli-
cated by the effects of habitat degradation and fragmentation
[65-68]. Despite rapidly changing species distributions
worldwide, our understanding of temporal patterns of gen-
etic diversity in expanding populations is limited, and the
underlying demographic mechanisms driving evolutionary
changes at range margins have largely been ignored [69].
We found that idiosyncratic demographic processes consist-
ently led to rapid local changes in genetic diversity in a
recovering carnivore found across northern latitudes.

Range contraction and habitat fragmentation of NCDE
grizzly bears occurred for approximately a century, with
the population reaching a low point in the 1920s or 1930s
[45]. The protracted reduction in the population probably
caused the reduced genetic diversity found in peripheral rem-
nant groups at the beginning of this study, as expected when
lengthy range contractions occur [70]. In this system, the
effects of over 10 generations of semi-isolation and reproduc-
tive bottlenecks, common to small populations of carnivores
globally [27,71-73], were erased via an influx of immigrants
as the core population underwent range expansion. Our

observed heterozygosity (Ho) expected heterozygosity (H)

mean lower mean lower
difference 95% d difference 95% (I
0.05 0.01 0.02 0.00
0.07 0.03 0.03 0.01
....... o et oot s
0.06 0.00 0.06 0.03
0.06 000 06 0.02
0.00 —0.04 —0.01 —0.03
0.01 - —0.06 000 —0.04
0.00 —0.09 —0.01 —0.05
—002 010 —001 —0.05
001 —002 0.00 —0.01
..... o oo oo oo
0.00 —0.04 0.00 —0.02

study supports the importance of dispersal and connectivity
in facilitating range expansions and restoring genetic diver-
sity [74-78] by empirically demonstrating that high
landscape permeability coupled with the intrinsic dispersal
capacity of large carnivores [79] can lead to rapid restoration
of genetic diversity in species of conservation concern.

The small size and isolation of animals living on the range
periphery often predispose remnant groups to lower genetic
diversity due to reduced gene flow [80] and smaller effective
population sizes [81]. In early years of the study, we found
relatively few immigrants entering the peripheral regions
and highly skewed reproductive success among individuals,
with several individuals dominating reproduction. Over
less than a single generation, two of the three remnant
groups showed significant increases in Hp, a pattern consist-
ent with expectations of extreme temporal variation on the
range periphery [81]. The increases of Hp in the SE and EC
periphery were six and seven times the magnitude of genetic
change in the core over the same period of time, respectively.
The increase of genetic diversity occurred in conjunction with
an influx of immigrants and a surge of successful breeders.
Despite the significant increase in genetic diversity, nearly
all (37/45-82%) of the southernmost females detected in
the SE periphery descended from three females, illustrating
a trend that is likely to continue at the expansion front due
to male-biased dispersal of grizzly bears [39,59,82]. A similar
pattern is likely for many mammals owing to their tendency
for male-biased dispersal [83], where persistently female
relatedness may exist despite increases in overall genetic
diversity within populations.

The evolutionary dynamics on the expansion front of a
species’ range has been a major focus of both theoreti-
cal and empirical studies. Theoretical studies have focused
primarily on the patterns of colonization during range expan-
sion in the absence of existing remnant groups (e.g. [7,11]),
and the influence dispersal has on those patterns [8].
Similarly, empirical studies have focused on genetic drift
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and adaptive dynamics axis
(e.g. [84,85]). Edge populations may be particularly impor-

tant sources of genetic diversity that may enable species

along the expansion

persistence particularly in changing environments [80,81].
However, the transient nature of genetic diversity at range
margins [81] greatly complicates conservation efforts that
focus on protecting genetic diversity or understanding pat-
terns of connectivity (i.e. landscape genetics; [86]) based
on data with restricted spatial or temporal replication.
Ultimately, the data presented here highlight that a broad
spatial and temporal perspective is necessary for understand-
species
distributions where adaptive and stochastic dynamics may
be at their strongest.

The patterns in genetic diversity caused by the assimila-

ing evolutionary dynamics at the edge of

tion of existing remnant groups by a core population range
expansion (reduced genetic diversity in peripheral groups,
founder effects, etc.) closely resemble the outcome of a pure
range expansion (e.g. [87]). However, they are in fact the pro-
duct of both a prolonged contraction and a subsequent
recolonization. Interestingly, populations resulting from the
two distinct processes may be adaptively and demographi-
cally very different. Considering the prevalence of remnant
groups in carnivore populations around the world [19-29],
the ongoing recovery of many populations [64], and the
increasing probability of range shifts, contractions and expan-
sions related to climate change, we expect that neutral and
adaptive evolutionary changes caused by recolonization
and assimilation will be increasingly common.

Patterns of genetic diversity in populations are dynamic
in space and time, particularly for species undergoing
changes in population dynamics and geographical distri-
butions. Extreme changes can occur in less than a single
generation and are surprisingly idiosyncratic and stochastic.

Individual-level, local demography, an oft-neglected driver
of contemporary evolutionary dynamics plays a critical role
in shaping patterns of genetic diversity, although the overall
trajectory is influenced by historical events (e.g. inbreeding,
isolation, and random genetic drift) and also contemporary
gene flow (e.g. dispersal). As such, we suggest caution
when making landscape-scale conservation and management
decisions based on a single sampling snapshot in time. Long-
term, ecosystem-scale monitoring of focal populations
illuminate processes that govern spatial and temporal pat-
terns in ecological and evolutionary dynamics, providing
key insights that might otherwise be missed.
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