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Integrating spatial and behavioral
data provides comprehensive
assessment of grizzly bear-
ecotourism coexistence in Nuxalk
Territory

Kate A. Field%2*?, Jason E. Moody?, Melanie Clapham¥*, Douglas A. Clark®, Persia B. Khan?,
Taal Levi®, Paul C. Paquet'? & Chris T. Darimont'-2

Behavioral ecologists frequently focus on a single modality of wildlife response to disturbance, which
can limit inference because different antipredator responses reflect various aspects of predation

risk management. We investigated intrapopulation variation in tolerance to human-associated risk
within a grizzly bear-ecotourism system in Nuxalk Territory, considering behavior results in tandem
with spatial data from genetically tagged individuals. Whereas our behavioral analysis revealed no
effects of ecotourism on alertness, our central measure of tolerance, we observed variation in space-
use among individuals (n=80). Only 12, primarily females (n=10), showed preference for the area

of highest ecotourism activity; others showed little to no use of the area, despite its close proximity
and high resource abundance. These patterns suggest that behavioral data may have been biased
towards individuals tolerant enough to coexist with ecotourism. Examining behavior of ostensibly
tolerant ecotourism individuals alone would have overlooked intrapopulation variation in space-use at
broader spatial scales. A comprehensive assessment that simultaneously draws upon both spatial and
behavioral dimensions may therefore provide richer insight into coexistence than either lens alone.
More broadly, coexistence dynamics in this and other systems might exclude some individuals within
populations that are not tolerant enough to participate.
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Although researchers commonly examine only one behavioral dimension, responses by wildlife to risk can
manifest in multiple ways among individuals (e.g., in habitat use, flight initiation distance, vigilance behavior).
Some individuals may spatially avoid habitats with pronounced human-associated risk, whereas others may
tolerate the presence of risky stimuli by responding behaviorally or physiologically'. Owing to a broad predatory
niche and high levels of exploitation over millennia®3, humans are commonly perceived as risky stimuli—
predators—by wildlife?. Even seemingly benign or low-level forms of human activity and infrastructure can
modify wildlife behavior, displacing them in space or time®-%. Given such variation in antipredator responses to
diverse human cues, a multi-lens perspective that examines more than one dimension of response may provide
richer insight into our understanding of wildlife tolerance, especially in scenarios in which human-wildlife
coexistence is desired.

Placing emphasis on only one modality of response effectively limits the conclusions that can be drawn.
Specifically, whether individuals observed to invest in anti-predator behaviors (e.g., vigilance) represent the
only individuals affected is unknown without examining if there was prior spatial segregation of the population;
spatial segregation of animals may have already occurred based on their willingness to be in the presence of risk
in the first place’, biasing behavior results to individuals willing to accept the mere presence of risk. Similarly,
whether animals avoid disturbance spatially may not provide a comprehensive indication of the extent to which
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animals are disturbed without considering additional measures of behavior'’. A comprehensive assessment that
simultaneously draws on both spatial and behavioral dimensions can therefore provide more insight than either
lens alone. Indeed, antipredator behaviors are not always expected to manifest consistently, which justifies an
approach for considering more than one behavioral response!’.

Variation within species in tolerance related to human-dominated spaces can manifest in different ways
owing to diverse drivers. On one hand, differences in risk perception among age-sex classes and individuals
can elicit spatial segregation in a heterogenous environment according to the level of risk different animals
perceive!2. For example, Wilkinson et al.!® found that individual coyotes (Canis latrans) in urban environments
displayed differing levels of boldness toward humans; some were more likely to engage in conflicts or occupy
densely populated areas. On the other hand, individuals might not sort spatially based on perceived risk from
humans but rather based on perceived protection. Prugh et al.'* found that mesopredators shifted into human-
modified landscapes to avoid larger and dangerous apex predators, despite the increased risk of human-caused
mortality. Similarly, individuals or the groups they compose (i.e., family groups) might perceive humans as
‘shields’ that indirectly provide protection from greater perceived risk from conspecifics'>!°. For example, the
presence of ecotourists can provide a perceived shield from infanticidal adult male grizzly bears for other age-
sex classes (i.e. sub-adults, females with young;'®~!8. Consequently, understanding the extent to which human
activity might influence intrapopulation variation in space-use and behavior may increase our understanding of
variation in tolerance within populations and its underlying processes.

Wildlife ecotourism is one context that can present myriad influences across a range of taxa globally'® and
commonly creates scenarios in which human disturbance varies spatially and behavioral trade-offs are relevant.
For example, several case studies have demonstrated that grizzly bears show varied anti-predator responses
towards humans [see? for review], including diverse responses to ecotourism [see?! for review]. Recreational
activity by people can displace bears from preferred habitat, increase energetic costs, and reduce nutritional
intake?>?. In other cases, bears may habituate to people over time to reduce the detrimental effects of a stress
response“. Ecotourism sites also tend to be resource rich, offering abundant natural foods [e.g.,”], or even
provisioned foods by ecotourism operators [e.g.,*]. Accordingly, some individuals subject to ecotourism may
engage in trade-offs; specifically, they may be unwilling to avoid people at the cost of forgoing resources'’,
but instead may employ behavioral strategies to reduce perceived risks. Huveneers et al.?’, for example, found
considerable individual behavioral variation in fine-scale spatial distribution among white sharks (Carcharodon
carcharias) in response to cage-diving tourism; some individuals spent more than 60% of their time within
60 m of cage-diving tourists and tethered bait, while others were mostly detected further than 120 m. Despite
the valuable inference provided from this body of work, how wildlife individuals might vary both in their
presence—and for those present, their behavior—at ecotourism sites is less understood. Such insight requires
knowledge of space-use by individuals within, and beyond, areas of ecotourism, as well as detailed behavioral
data at ecotourism sites.

Here, we examine whether grizzly bears show intrapopulation variation in behavioral tolerance to ecotourism
in the Atnarko River Corridor, which is located in unceded Nuxalk Territory in coastal British Columbia, by
quantifying their behavioral states. Concurrently, we collected space-use data for genetically tagged grizzly
bears, which we considered to supplement and inform insight from behavior observations. Our hypotheses
consider how the population might vary in how individuals or the age-sex classes they constitute perceive
humans (as risky or benign), and modulate their behavioral tolerance accordingly. We consider our spatial
data as context with which to consider the results from our behavioral analysis, with the objective of providing
richer insight into bear activity than the behavior dataset could alone. Specifically, the objective of collecting two
datasets simultaneously-and considering them collectively-was to evaluate the possibility that results from the
behavioral analysis might be biased towards individuals that spatially co-occur with high ecotourism activity.

The Atnarko River provides bears access to aggregations of spawning salmon (Oncorhynchus spp.) during
hyperphagia—a critical period to amass large amounts of energy before denning. The high ecotourism activity
areas in particular (‘land- and boat-based’ area, below) host readily-accessible spawning aggregations throughout
the study area!”. Wildlife ecotourism in this area thus provides a system in which non-lethal human stimuli are
present, trade-offs related to foraging under the perceived risk of predation (by humans and male bears) are
relevant, and potential grizzly bear responses in the form of anti-predator behavior are measurable.

We made several predictions about intrapopulation variation in behavior based on theory relating to
tolerance, predation risk, and human shielding. Specifically, owing to risk-foraging trade-offs under predation
risk theory, we considered multiple hypotheses. We hypothesized that grizzly bears tolerant enough to spatially
co-occur with humans where salmon is plentiful could offset such potential risk by investing in anti-predator
behavior. Accordingly, we predicted a positive association between alertness and ecotourism metrics. On the
other hand, the relatively predictable tourist activity could be perceived as benign, eliciting little responses.
Specifically, aligning with the human shield hypotheses, female with young would be less likely to be alert with
greater ecotourism intensity. Additionally, because our behavioral state data comprise females, females with
young, and subadults (see Methods), we also considered the presence of other bears as risky stimuli, predicting
a positive association between alertness and other bear presence. Finally, we predicted a positive association
between salmon biomass and alertness, reasoning that when food resources are limited, allocating energy
away from fishing would be perceived as more costly than allocating energy to anti-predator behaviors because
foragers with lower energy reserves will accept greater risk than foragers that have adequate energy reserves?’.
Our results may help identify individuals and contexts that are potentially more sensitive to the influences of
ecotourism (e.g., boat-based versus land-based ecotourism) and thereby provide evidence-based guidance for
consideration by ecotourism management and more broadly in the context of coexistence.
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Methods

Study area

The study occurred in the Atnarko River corridor (hereafter ‘Atnarko’; Fig. 1A) in Tweedsmuir Provincial Park,
British Columbia, which is located in the unceded Territory of Nuxalk First Nation. Genetic sampling and
behavioral observations occurred concurrently with a companion study using an array of camera traps in the
same area [see!” for details].

The abundance and activity of people in the park vary spatially during the salmon spawning season. We
defined ‘spatial treatments’ according to variation in bear viewing and other human activity: a ‘no tours’ reference
area furthest upstream, a ‘land-based tour’ area in the middle, and a ‘land- and boat-based tour’ area furthest
downstream!”. Activities in the ‘land- and boat-based tour’ area, which have the potential to elicit perceived
risk by bears, are varied but include camping, swimming, angling, hiking, paddling, picnicking, mushroom
picking, and bear viewing (on land and aboard drift boats). Owing to a well-established industry of bear-viewing
infrastructure and drift boat tours, the ‘land- and boat-based tour area’ (Fig. 1A) hosts on average ~ 2 orders of
magnitude more people compared with the ‘no tours’ area of the corridor ~ 35 km upstream (average weekly
visitors to ‘land- and boat-based tour’ area was 1,363 across years, compared with 11 in the ‘no-tours’ area and
14 in the ‘land-based tour’ area!’.

We collected behavioral state data from two sites within the ‘land- and boat-based’ area, which varied in
their management of human behavior and activity (Fig. 1A). One site was the Belarko bear viewing platform
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Fig. 1. (A) Atnarko River Corridor hair snag and behavior sites. Inset A1: Pacific Coast of British Columbia,
Canada, with red frame denoting Inset A2; Inset A2: Bella Coola Valley and surrounding tributaries, with red
frame denoting A3; Inset A3: Atnarko River Corridor study area, including behavior sites and hair snag sites,
where hair snag sites are categorized by spatial treatment. (B) Heatmap illustrates the spatial detection histories
of each individual grizzly bear. Each column represents an individual (data were subset to include individuals
that were detected at least twice; n =80 individuals out of original 118). Each row represents a spatial treatment,
and the colour ramp represents the proportion of detections per individual that occurred in each spatial
treatment. We identified three clusters (three identified as optimal number of clusters via elbow method in
k-means clustering), which cluster individuals with similar spatial detection histories (B1, B2, and B3). That is,
individuals clustered together were most similar to each other in their space-use. Annotated values below each
column denote detection frequencies.

Scientific Reports |

(2025) 15:30339

| https://doi.org/10.1038/s41598-025-14625-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(‘Belarko’), a purpose-built bear viewing platform staffed by BC Parks and the Nuxalk Nation that included an
electric fence and a regulated entry and exit system. The second site was BC Parks Fisheries Pool campground
(‘Fisheries Pool’), an area designed for camping and recreation, including swimming, picnicking, and angling.
Although signage to regulate the behavior of campers and day-users is posted in prominent locations at Fisheries
Pool, bear viewing is self-pursued by the public at their own risk. Ecotourism boats were also present in the river
at and between these two ‘land- and boat-based’ sites. Up to 11 commercially operated drifts’ (slow-pace rafting-
based bear viewing with up to six guests each) were permitted per day. Drift boats launched ~ 200 m upstream
from Belarko and hauled out at Fisheries Pool.

Field methods

Space-use data collection using genetic tagging

We non-invasively sampled bears to identify how individuals used the Atnarko corridor. Specifically, we deployed
passive, non-baited hair snags?®?° to genetically identify individuals using microsatellite data®**!. Snags were set
of barbed wire at ~0.5 m height*? every ~ 0.5-2 km along the Atnarko river across bear trails or riverside banks
where bears were commonly observed. We monitored hair snag sites for 317 days over three years during the late
summer and autumn salmon runs (late July to early November; n =28 sites in 2019 for 113 days; n=29 sites in
2020 for 101 days; and n =28 sites in 2021 for 103 days). In 2021, there were 7 snags in the land- and boat-based’
area (~4 km river network distance), 13 snags in the land-based’ area (~22 km river network distance), and 8
in the ‘no tours’ area (~ 9 km river network distance) (Fig. 1A). Across years, crews revisited hair snag sites and
sampled hair on average every ~9 days (Z = 8.6 days in 2019, Z = 9.0 days in 2020, and = = 8.8 days in 2021),
collecting 1,806 samples. We subsampled high-quality samples (with abundant guard hair; n=713), identifying
118 individual bears (73 female and 45 male) over the three years. Research was approved by University of
Victorias Animal Care Committees (2019-004).

Behavioral state data collection using observational approach

Sampling methods We collected behavioral state data from early August to late October, 2019-2021. The first
sampling sessions (i.e., time blocks awaiting bears to be present and if bears were present, observation periods of
collecting behavior data; defined below) of the season occurred after all hair snags had been installed. Sampling
sessions occurred continuously from ~ 2 weeks before to ~ 2 weeks after bear viewing season (bear viewing sea-
son occurred August 15-October 15), and during diurnal and crepuscular periods. We defined an ‘observation
period’ as the time during which a bear was present during a sampling session. All observation periods occurred
between 0600 and 2100 h. The two sites were sampled on a rotating schedule of ~ 4-hour blocks to capture differ-
ent photic regimes and periods of human activity. In total, we recorded 35 h and 58 min of bear behavior during
observation periods; 18 h and 46 min at Belarko and 17 h and 12 min at Fisheries Pool.

We collected behavioral state data by video-recording bear behavior for the full duration of the observation
period. We recorded behavior with a Nikon" camera (Z6 body, 200-500 mm lens). We recorded behavior
continuously, and behaviors were later coded from the video recordings (see ‘Coding behavioral states’). We
collected measures for ecotourism and behavioral state data simultaneously. While recording bear behavior,
we also counted boats and people on land at ~two-minute intervals (herein ‘counts’). Sometimes there were
observation periods when counts were more challenging at those intervals (for example, if people were walking
around, coming and going, or there were many people and boats), which resulted in longer times between
counts. We therefore excluded observation periods if counts were on average more than 5 min apart within an
observation period (n=9). We also excluded observation periods where only one count occurred (n =2) because
we were interested in examining potential lead effects (see Analysis), which require more than one count per
observation period. These steps resulted in a mean of 2.5 min between counts across 107 observation periods.
The mean number of counts per observation period was 9.0, with a range of 2 to 33 and a median of 7.

We attributed behavioral states to each ecotourism metric. We herein refer to these as ‘scan samples™ and
each served as a case (i.e., datum) in our analysis (below). Whereas other behavioral sampling approaches
examine all occurrences of certain behavioral events of interest (e.g., focal sampling®*, our approach of extracting
behavioral states from video recordings at the same timestamp at which ecotourism metrics were recorded
supported precise alignment in time between measures of human activity and bear behavior.

>33

Selecting a bear for observation The observation period (and video recording) began when a bear entered our
view. If a bear went out of view but returned within ten minutes, we considered the two portions a single obser-
vation period. If we were observing a family group, we collected behavior data from the mother. We determined
bear sex by direct observation of genitals, including vulva hair, urination patterns, or presence of young, or by
opportunistically consulting local ecotourism guides in the field if they were present, based on their knowledge
of the individual. Additionally, given that grizzly bears are sexually dimorphic®, age-class and sex may be iden-
tified from size and body shape, provided a clear view of the bear’s profile and before extreme weight gain in the
mid to late fall. We used features in Timelapse Image Analyzer (https://timelapse.ucalgary.ca/) to aid in identify
ing bear sex (e.g., playback speed, magnification tool).

We could discern some but not all individual bears, enabling a minimum estimate of numbers. We used
physiognomic features, such as patterns of scars or wounds, hair coverage on outer ear, and hair pattern on
muzzle® to attempt to identify individuals. Despite this approach, we could not confidently identify all bears
visually. Nonetheless, after subsampling (details below), we could estimate individual identifications for 81% of
observation periods in 2019 (10 individuals [4 adult female, 4 female with young, and 2 subadult] across 27 of
33 observation periods), 65% of observation periods in 2020 (9 individuals [4 adult female, 1 female with young,
and 4 subadult] across 21 of 32 observation periods), and 82% of observation periods in 2021 (18 individuals
[8 adult female, 10 female with young] across 37 of 45 observation periods). Owing to changes that can occur
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across years>®~3, separated by nine months of no observations, we did not attempt to match individuals among

years. Accordingly, we could not consider individual identification (i.e. as a random factor) in our analyses,
representing a constraint imposed by data limitations.

Coding behavioral States We collected data for three behaviors: ‘alertness;, ‘fishing, and ‘other’ (Table 1 and
Supplementary Information, Figure S1). Because detection of a stimulus is the outcome of vigilance®, we iden-
tified alertness as more appropriate than vigilance to examine bears that appeared to be monitoring stimuli
from people and other bears. That is, people seldom go undetected by bears in an ecotourism context; therefore,
vigilance may not accurately describe monitoring of stimuli in every case. We note, however, that subtle and
overt alertness can include routine and induced vigilance, respectively (Table 1)*°. We had originally used an
ethogram to classify grizzly behavior, which included a comprehensive potential scope of behaviors we original-
ly expected be observed (e.g., non-agonistic conspecific behaviors, locomotion [walking, swimming], non-lo-
comotory postures [sitting, lying down]). However, behaviors other than Fishing, Alertness, and Locomotion
seldom occurred. We suspect this is attributed to the time of year and hyperphagic state of grizzlies. Accordingly,
we grouped all non-alertness and non-fishing behaviors into ‘Other’ Such an approach also allowed us to focus
on the two dominant behavioral states, which were also the two most closely related to our hypotheses. Behavio-
ral states were then attributed to counts for ecotourism metrics by timestamp (see Sampling methods above). We
tested for inter- and intra-observer agreement in behavioral states between the two behavior coders. Inter- and
intra-observer precision test results were 88.57% and 93.55% agreement, respectively.

Analysis

Individual space-use from genetic tagging

We created a visualization to illustrate how individuals showed different spatial detection histories. We defined
one spatial detection as any detection of a genetically tagged individual per revisit (revisits occurred on average
every 9 days; see Methods) to a hair-snag site (i.e., if there was more than one hair sample from an individual
within a revisit, it was defined as one detection). Spatial detection histories are a function of the proportion of
detections per individual that occurred in one or more spatial treatments. Limited detection data precluded
any detailed spatial statistical approach. Instead, we examined detection histories of each individual bear by
constructing a clustered heatmap with R package ‘pheatmap’ (version 1.0.12; R Core Team, 2018). Specifically,
we used a hierarchical clustering algorithm to categorize individuals based on the similarity of their spatial
detection histories, whereby we created a matrix of spatial detection histories with individuals as columns and
spatial treatments as rows. Our matrix was used as input to the ‘pheatmap’ function, which applied hierarchical
clustering to both rows and columns to visualize patterns of similarity in spatial detection histories among
individuals. To determine the optimal number of clusters, we employed the ‘elbow’ method to identify the
point at which the total intra-cluster variation, or total within-cluster sum of squares (WSS), was minimized
(Supplementary Information; Figure S2). We used the ‘fviz_nbclust’ function from the ‘factoextra’ package
(version 1.0.7) to plot WSS against different numbers of clusters, and selected the ‘elbow point’ as the optimal
number.

Behavioral states
We used a multinomial model to examine the potential effects of ecotourism and environmental variables on
the probability of a behavioral state (Table 1) being ‘alertness’ or ‘fishing” with ‘other’ behavior as the reference
category. Due to small sample sizes at upstream sites (230 hours at upstream sites across years, yielding only 9
observation periods), we analyzed behavioral state data exclusively from bears that visited ecotourism sites in
the ‘land-and-boat-based’ area, which hosted considerable human visitation variation both within and across
observation periods (Figures S3-S6). Our case was a scan sample, defined by a behavioral state (see Methods)>.
After subsampling, described below, scan samples totalled 936 across years; 233 in 2019; 374 in 2020; and 329
in 2021) across 107 observation periods, which summed to 35 hours and 58 minutes of time observing bear
behavior.

We excluded males due limited data for this sex. Although we initially included all age-sex classes (adult
males, adult females, subadults, and females with young), low samples sizes for males resulted in convergence

Behavioral state | Operational definition and associated sub-components
Subtle alertness (apprehension); overt alertness.

Subtle alertness: low intensity monitoring of external stimuli. Includes glancing (direct look lasting < 3 s), looking around (direct gaze in one area and
then another, not focused on an object for >3 s), and routine vigilance®. Can be during locomotion or not.

Alertness R ; e S . . .
Overt alertness: high intensity response to, and monitoring of, external stimuli upon detection, as detectable by observer. Includes ceasing other behavior,
with or without staring (directed gaze) for >3 s, and/or induced vigilance®. May be accompanied by high or low intensity non-aggressive vocalisations
(including chuffing, subtle teeth clacking/jaw popping, chomping) yawning, scratching (combination of both), salivation while locomoting or not.
Search; pursuit; handle; consume.

Search: head pointed at an angle less than 90 degrees from the horizontal towards the water for >3 s, ears forward. Bear locomoting or stationary.
g ‘Snorkeling, swimming with dorsum exposed, eyes and nose under water, and only the ears above the waterline, for any amount of time.
Fishing . . . ) ] oY .
Pursuit: River-directed charge (rapid and directed locomotion) where focal point is water surface; dive
Handle: In contact with and/or having captured fish. Carrying, grasping, sniffing, or flipping parts of live fish, carcass, or fish eggs.
Consume: Ingesting parts of a live fish, carcass, or fish eggs, or biting, tearing off pieces, licking.
Other Any behavior other than alertness and fishing (e.g., locomotion)

Table 1. Operational definitions for Grizzly bear behavior and associated sub-components.
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problems with all models that included age-sex class when adult males were included. As such, we excluded the
limited data on adult males (1 =4 observation periods) from our analysis.

We constructed a set of a priori candidate models that considered combinations of multiple environmental-
and ecotourism-related variables (i.e., ‘environmental models, ‘ecotourism models, and ‘lead ecotourism models’;
Table 2). We compared each model set against null and environmental-only models. Models included weekly
salmon biomass (see Field et al.'” for comprehensive methodological details for estimating salmon biomass),
presence/absence of other bears, number of people viewing bears from the shore, number of boats, and bear
age-sex class (i.e., female with young, adult female, and subadult). We included salmon biomass and other bear
presence in each model (all ‘environmental’ and ‘ecotourism’ models, and excluding the null model), reasoning
that behavioral states would always be influenced by food availability and presence of conspecifics, as related
to predation risk*!. In ‘ecotourism’ models (Table 2), we considered people visiting Fisheries Pool and Belarko
who were viewing bears from shore (herein ‘visitors’) and/or the number of boats, reasoning that one or both
measures of human activity may affect behavioral states, also related to risk perception®!”. Additionally, in ‘lead
ecotour’ models, we considered lead effects of boats and visitors (i.e., boats t+ 1 and boats t+ 2, which represent
the counts of these measures in the following 1 and 2 scans, respectively), reasoning that bear behavior might not
only be influenced by human activity in ‘real time’ but also before a boat is visible to observers, potentially heard
or smelled by bears in the minutes prior. Finally, in ‘ecotourism’ models we considered an interaction between
boats and visitors, reasoning that the number of boats might be important, but only when visitors were also high
in numbers. We nested observation periods (i.e., multiple scans covering the duration over which a bear was
present) within site and year, and included observation periods as a random effect in all models. As noted, owing
to uncertainty in visually identifying individuals, we did not include individual as a random effect.

We evaluated the performance of our models. All models had an over-dispersion parameter below 1.1
We centered continuous predictors and scaled (divided by 2 SDs), back-transforming to raw data in figures.
We calculated a variance inflation factor for each co-variate in all models to test for collinearity; all values were
below 2, other than the multiple variables related to boat presence (t, t+1, t+2), which were highly collinear.
Accordingly, we only considered one time period’s measure of boats and visitors in a single model. We assessed
the relative performance of models by comparing AIC values, focusing inference on top performing models (i.e.,

542,

Null model

M1 | Random effect only (observation period)

Environmental models

M2 | Salmon biomass + other bears

M3 | Salmon biomass +other bears + age-sex

Ecotourism models

M4 | Salmon biomass + other bears + visitors

M5 | Salmon biomass +other bears + visitors + age-sex

M6 | Salmon biomass + other bears + boats

M7 | Salmon biomass +other bears + boats +age-sex

M8 | Salmon biomass + other bears + boats + visitors

M9 | Salmon biomass + other bears + boats + visitors + age-sex

MI10 | Salmon biomass + other bears + boats + visitors + boats * visitors

M11 | Salmon biomass +other bears + boats + visitors + boats * visitors + age-sex

Lead ecotourism models

M12 | Salmon biomass + other bears + visitors [t+1]

M13 | Salmon biomass +other bears + visitors [t + 1] +age-sex

M14 | Salmon biomass + other bears + boats [t +1]

M15 | Salmon biomass +other bears +boats [t+ 1] +age-sex

M16 | Salmon biomass + other bears + boats [t+ 1] + visitors [t+1]

M17 | Salmon biomass + other bears +boats [t+ 1] + visitors [t + 1] +age-sex

M18 | Salmon biomass + other bears + boats [t+ 1] + visitors [t+ 1] + boats [t+ 1] * visitors [t+1]

M19 | Salmon biomass + other bears +boats [t+ 1] +visitors [t+ 1] +boats [t+ 1] * visitors [t+ 1] +age-sex

M20 | Salmon biomass + other bears + visitors [t +2]

M21 | Salmon biomass + other bears + visitors [t +2] +age-sex

M22 | Salmon biomass + other bears + boats [t+2]

M23 | Salmon biomass +other bears + boats [t +2] + age-sex

M24 | Salmon biomass + other bears + boats [t +2] + visitors [t+2]

M25 | Salmon biomass + other bears + boats [t+2] + visitors [t+2] + age-sex

M26 | Salmon biomass + other bears + boats [t + 2] + visitors [t+ 2] + boats [t+ 2] * visitors [t +2]

M27 | Salmon biomass + other bears + boats [t+2] +visitors [t+2] +boats [t+2] * visitors [t+2] +age-sex

Table 2. Candidate model set.
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Fig. 2. Top multinomial model (A AIC=0.0) predicting ‘fishing) ‘alertness, and ‘other’ behavioral states among
grizzly bears subject to ecotourism in the Atnarko River Corridor, Nuxalk Territory, British Columbia (2019-
2021). (A) Parameter coefficients and ClIs for fixed effects, centered and scaled by two standard deviations. Red
dots represent parameter coefficients and black lines span 95% ClIs. (B) Probability that a bear was alert as a
function of salmon biomass. Figure is backtransformed to raw data.

those with A AIC < 2). All statistical analyses were performed using R (version 4.3.2, R Foundation for Statistical
Computing), and the study area map (Fig. 1A) was created with QGIS Desktop 3.38.1.

Results

Individual space-use from genetic tagging

We identified 118 grizzly bears (73 female and 45 male) along the Atnarko river. Of those 118 bears, 80 (68%)
were detected at least twice. We subset those individuals with multiple detections, which resulted in a dataset
of 53 females and 27 males. Across years, individuals were detected on average 4.3 times (range =2-22; SD=4).
Forty-four of these 80 (55%; 31 female and 13 male) were detected in more than one year, and thirteen (16%; 9
females and 4 males) were detected in all three years. We pooled data across years to assess any patterns of space-
use among the three spatial treatments by these multiple-detected individuals.

Hierarchical clustering identified three clusters of bears based on their similarities in spatial detection
histories (Fig. 1B; with clusters delineated as B1, B2, and B3). Each cluster comprised individuals that were most
similar to each other in their space-use across years. Cluster B1 comprised 12 individuals (10 female and 2 male),
all of which were detected within the ‘land- and boat-based’ area at high proportions of detections. Cluster B2
comprised 31 individuals (19 female and 12 male), all of which were detected in high proportions within the
‘land-based’ area. Cluster B3 comprised 37 individuals (24 female and 13 male), all of which were detected in
high proportions within the ‘no-tour’ area.

Cluster B1, which showed spatial preference for the ecotourism area, comprised individuals that were the
most spatially constrained (i.e., contained the highest within-cluster proportion of individuals (75%) that were
detected exclusively in one spatial treatment). The second most spatially constrained cluster was B3 (67% of
individuals were detected exclusively in the ‘no tour’ area), and the least spatially constrained cluster was B2
(45% of individuals were detected exclusively in the ‘land-based’ area). In these B2 and B3 clusters, a higher
proportion of individuals crossed boundaries (at a higher frequency), but mostly did so only into the adjacent
land-based or reference, and not the ecotourism-dominated ‘land- and boat-based’ area.

Behavioral States

Inference from our top model suggested that only salmon biomass influenced behavioral states (Fig. 2A).
Specifically, the only evident pattern was a strong negative association (P=0.002) between salmon biomass and
the probability of alertness (Fig. 2B); the top model also included whether other bears and boats (t+2) were
present, but neither influenced the probability of alertness. A similar and similarly ranked model (A AIC =0.002)
likewise identified only a strong negative association between salmon biomass and the probability of alertness
(Supplementary Information; Table S1; Figure S7). There were no associations between any co-variate in the top
models and the probability that a behavioral state was fishing (Supplementary Information; Table SI).
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Discussion

To understand how coexistence might manifest, we assessed whether and how a grizzly bear population
might show intrapopulation variation in tolerance to ecotourism activity through the consideration of not
only a behavioral analysis but also visualization of space-use as informed by our genetics data. Our behavioral
observations that occurred exclusively in the land- and boat-based” area considered how ecotourism intensity
(number of visitors, number of boats) and environmental variables (presence of other bears, salmon biomass)
might affect fishing and alertness behavior. Our findings revealed no evidence for an effect of ecotourism metrics
on grizzly behavior. Instead, we found a negative association between salmon biomass and alertness, a pattern
opposite to predictions based on predation risk theory. Our companion spatial data revealed only a small subset
of individuals (n=12 of 80 individuals detected at least twice) showed spatial histories that favoured this area of
pronounced human activity, despite the high mobility of grizzlies and the abundant salmon resources present
at ecotourism sites. This pattern suggests that the population could include distinct subgroups that vary in their
space-use among treatments (though, see limitations below). Most of these individuals (n =10 of 12) were female
(Fig. 1B). While the smaller sample size in this area raises the possibility that this female bias may be a sampling
artifact (see limitations below), the pattern is also consistent with previous support for a human shield effect in
the same study area, as assessed with remote camera datal”.

Among those bears that use the land- and boat-based area, human activity did not influence the behavioral
metrics we recorded. Contrary to our prediction that emerged from predation risk theory, whereby bears tolerant
enough to spatially co-occur with humans would offset risk by investing more in alertness behavior when human
activity was higher, we found no such evidence. Instead, the bears we observed in the ‘land- and boat-based’ area
during daylight and crepuscular hours demonstrated two dimensions of tolerance: they were present, and they
did not respond behaviorally to ecotourism. Nisbet** defined tolerance as “the intensity of disturbance that an
individual tolerates without responding in a defined way” (p. 315), and tolerance can be attributed to animals
when they permit close proximity by humans without overtly responding or fleeing**. Our ‘non-response’ (no
relationship between alertness and either ecotourism metric) result suggests behavioral tolerance among those
individuals that do not avoid the ecotourism area. We infer that the stimuli at ecotourism sites were perceived as
non-novel, predictable, specific, and low risk. However, we note that remote camera data previously suggested
that bears in the same area and periods responded in their activity rates to the number of visitors at a weekly
scale; specifically, bear activity decreased with higher visitor numbers/week!”. Responses of bears to ecotourism
thus appear to be measurement- and scale-dependent.

Alertness behavior varied solely as a function of salmon biomass, whereby contrary to our prediction, grizzlies
were less likely to be alert when salmon availability was high. Should this be representative of patterns elsewhere
in grizzly bears, this result suggests that the fitness benefits from increased food intake are greater than gains
from increased alertness. We speculate that such a pattern could arise in a species that undergoes hyperphagia.
This is a life history strategy marked by periods of extraordinarily intense food consumption made possible by
the ability to store readily the body reserves extra calories provide?*. Notably among females, the consumption of
salmon positively correlates with multiple measures of over-winter survival and reproductive success**. Thus, we
speculate that investing in anti-predator behavior could reduce time spent foraging at times when food is hyper-
abundant and easily-acquired, thus imposing potential fitness costs*. This interpretation, however, is tempered
by the reality that we observed no variation in the presence of the fishing behavioral state over the range of
salmon biomass. Data and theory from other contexts, however, provide insight. Notably, Repasky*’ found
support for a negative relationship between vigilance and food patch profitability in Sage Sparrows (Amphispiza
belli) and Black-throated Sparrows (A. bilineata), suggesting that wintering birds near starvation are confronted
with starvation versus predation trade-offs. Moreover, McNamara and Houston*®considered a model in which
an animal can control both its probability of starvation and its probability of predation, whereby increases in
food requirements will cause an animal to increase their predation risk to avoid starvation. Although as large-
bodied omnivores grizzlies are at low risk of starvation, we suspect a similar trade-off might be relevant to
another fitness measure (reproduction). Finally, we note that the subordinate age-sex classes, which comprise
our behavioral data, are seemingly tolerant to real-time measures of human activity (number of visitors and
boats), perhaps predisposing them to allocate only modest time to alertness when salmon are abundant during
hyperphagia.

While the extent to which spatial variation in genetically tagged individuals relates to ecotourism activity
compared with other environmental factors is unknown, spatial patterns provide context with which to consider
results from our behavior analysis. We differentiated the spatial behavior of genetically marked individuals by
examining their space-use, finding three distinct subgroups that comprised individuals with minimal intra-
cluster variation in their spatial detection histories (Fig. 1B; with clusters delineated as B1, B2, and B3; see also
Figure $8). Individuals that composed cluster B1 were the most spatially constrained; 75% of these individuals
were never detected outside of the land- and boat-based’ area, which represents the smallest portion of the study
area (~4 km river network distance). By contrast, the least spatially constrained individuals composed cluster
B2, whereby only 45% of individuals were detected exclusively in the ‘land-based’ area (~22 km river network
distance), and the remaining 55% traversed spatial treatments, with most individuals entering the adjacent
reference area upstream that hosts very limited human activity. 67% of individuals that composed cluster B3
were never detected downstream from the ‘no-tour’ area, which hosts ~ 2 orders of magnitude less people than
the ‘land- and boat-based area’’”. These findings suggest the possibility of fine-scale spatial variation, but the
extent to which this spatial variation relates to ecotourism activity compared with other environmental factors
is unknown (alternative hypotheses might relate to resource availability, conspecific competition, or home range
patterns; see limitations below). We note, however, that ecotourism sites occur near the mouth of the Atnarko
River, where salmon congregations are dense and most available to fishing bears!”. Accordingly, we find an
explanation that individuals are likely detected where resources are most accessible plausible but not entirely
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comprehensive in that by itself it cannot exhaustively discount the possibility that risk-adverse individuals will
forgo resource acquisition to avoid human-associated risk.

Our spatial data allowed us to consider the possibility that the behavioral tolerance we infer from our behavior
analysis is attributed to individuals that will spatially tolerate ecotourism presence in the first place. Given the
high mobility of grizzly bears, and considering the relatively small study area in the context of their home ranges
(i.e., river network distance of ~ 35 km, which falls well within potential travel distances inside the home range
of male and female grizzly bears in the valley?’, our findings suggest the possibility of spatial segregation among
individuals aligning with the spatial heterogeneity of risk, as seen in other grizzly bear systems*’. Finnegan et
al.>! demonstrated support for the Resource Dispersion Hypothesis (RDH) in the summer, a season of increased
resource availability, finding that bears increased their space-use to access dispersed and patchy resources during
the salmon spawning season. They noted that bears likely adhered to the RDH as they moved between patches
to gain more diverse nutritional resources. Moreover, Leacock et al.>2 found that collared Kodiak brown bears
selected for greater stream length during the sockeye salmon (Oncorhynchus nerka) spawning season, reflecting
relative ease of travel alongside streams and rivers and the fact that bears often move along streams to exploit
stretches with high salmon concentrations. We therefore consider the possibility that in a case where individuals
are spatially segregated according to risk perception, behavior data may be biased to ecotourism-tolerant
individuals. Indeed, some individuals were seldom or never detected in the areas with highest human activity,
and others were more flexible in their space-use.

Although our spatial data do not directly test human shield hypotheses, sex ratios also differed among spatial
treatments, consistent with the possibility of human shielding. The proportion of male detections increased with
distance from the area with highest human activity. Field et al.!” found that camera trap detections were more
likely to be male at night and when visitor numbers were low, suggesting a human shield effect in the same study
area. This suggests a possibility that males detected by our hair snags in the ‘land- and boat-based” were captured
at night, which would align with our infrequent observations of males during dawk to dusk observations in
our behavioral data set (details in Methods) and other studies'®. Although data limitations prevented detailed
consideration, we also consider the possibility that individual variation in space-use could be mediated by
personality type, whereby bold individuals use areas with higher human disturbance and shy individuals use
areas with reduced disturbance™.

Learned experiences of animals through repeated exposure to a stimulus can shape tolerance to human
activity, such as we observed, and has mixed implications for the management of wildlife ecotourism. On one
hand, tolerance that is shaped by habituation-like processes can allow animals to better tolerate ecotourism
activities!®. On the other hand, exposure to benign human activity and associated tolerance has potential to
create ecological traps if tolerant individuals later encounter humans that present a real threat>*>. Following this
logic, reduced reaction to stimuli perceived as neither aversive nor beneficial (i.e., habituation** could predispose
individuals to become ensnared in conflict with humans. Not all human individuals pose the same risk to
wildlife, posing a cognitive challenge in risk-perception. However, in this same population of bears, Field et al.?!
found that grizzly bears that were exposed to ecotourism were less likely than predicted by chance to encounter
subsequent conflict in communities downstream of ecotourism sites. Although this result might arise from well-
fed ecotourism bears not needing to acquire human foods (predisposing them to conflict), it is also possible that
grizzlies might be as equipped to recognize different sources and levels of risk. African elephants (Loxodonta
africana) can reliably make functionally relevant distinctions between human subcategories that differ in the
level of threat they pose®®. Levey et al.”’ similarly found behavioral flexibility and a keen awareness in Northern
Mockingbirds (Mimus polyglottos) of different levels of threat posed at the finer scale of individual people.

Managers might also consider our results, while acknowledging the limitations to inference. Specifically, in
the apparent absence of behavioral responses, physiological responses may be concealed. Ditmer et al.>® observed
physiological responses (elevated heart rates) of American black bears (Ursus americanus) to unmanned aerial
vehicles, despite a lack of observed behavioral changes. Charuvi et al.! simultaneously measured behavioral and
physiological responses during human approaches to incubating Masked Lapwings (Vanellus miles), finding
that reduced flight initiation distance (generally interpreted as a sign of tolerance) was associated with greater
physiological costs through longer durations of elevated heart rate. Moreover, Sganzerla et al.*® found that studies
that measured physiological responses were more likely to detect disturbances than behavioral studies. Future
studies might therefore add another dimension of inquiry by incorporating physiological measures of stress
as indicators of tolerance in addition to spatial and behavioral measures. More broadly, how such variation in
response to disturbance affects demographic parameters such as survival and reproduction would also broaden
the scope of conclusions that can be drawn from impact case studies”.

We also offer some system-specific recommendations for consideration by those managing ecotourism in
the Atnarko corridor. Given the potential spatial segregation of individuals according to the risk they tolerate,
a cautious approach might consider limiting the number of new ecotourism sites in the future. These areas
might currently serve as refuges for less tolerant bears. Other management interventions from a complementary
study!” in this system can also be considered. These identified the role of context specificity in shaping another
dimension of behavior (activity levels, as estimated by detection rates on remote cameras), and illustrated the
roles of human visitation, salmon biomass, and their interaction underlying observed patterns. This insight
allowed for predictions of how different prescriptions of visitor numbers would modify bear activity under
various salmon abundance scenarios®”.

There are several limitations to our approach. For example, the strength of inferences related to space-use
by bears with lower detection frequencies is weaker than those we detected more often. To address this, we
assessed whether the optimal number of clusters changed as we subsampled our data to include only those
individuals that were detected using higher thresholds for ‘minimum detection number’ (3 and 4), finding the
optimal number and general spatial characteristics of clusters was unchanged (Figures S10-S13). Additionally,
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an unequal number of hair snags per treatment might bias the number of individuals detected, whereby more
snags might detect more individuals. We note, however, that in some cases more individuals were detected in
areas with fewer snags and shorter river network distances. Specifically, more individuals were detected in the
‘no tour’ area (n=62 out of 118) than in the land- and boat-based’ area (n=59 out of 118), despite fewer snags
and shorter river network distance in the ‘no tour’ area (8 snags in the ‘no tour’ [~ 9 km river network distance]
and 13 snags in the land-based’ area [~ 22 km river network distance] in 2021). We emphasize that these data
alone cannot directly link tolerance to ecotourism, but they are suggestive that river segment length might not
affect detection numbers. River and habitat characteristic data would be important for future analyses to predict
captures. Indeed, the lack of additional information about other ecological factors (e.g., conspecific competition
for optimal fishing locations; home range centers) limits the inferences we can make about whether space-use is
directly linked to individual tolerance.

The detectability of bears via hair snags may also vary by individual, presenting limits to interpretations of
tolerance. Detection probabilities in non-invasive genetic studies can be influenced by behavioral responses,
such as increased or decreased likelihood of recapture following an initial detection [e.g.,%°], as well as by
individual variability in detection rates®! and seasonal effects®2. In the absence of bait and with the use of a non-
invasive sampling technique, however, we considered detection heterogeneity minimal, and that the likelihood
of detecting an individual was not substantially affected by prior detections®®. Moreover, using paired camera
and hair snags, Wold et al.** found that most bears (81%) that approached hair snags made contact with the
snag, indicating that this technique likely provides a representative sample. Despite these considerations, we
acknowledge that telemetry data would afford a more in-depth analysis of space-use. On the other hand, we also
note that individuals that researchers can capture (and subsequently collar) might reflect a non-random sample
of the population. An additional consideration related to detectability is that spatial data may include samples
that are biased to those individuals with home ranges that include or are centered on the river valley bottom,
where probability of detection is a decreasing function of distance from home range center®. However, the river
network distance of our study area falls well within potential travel distances inside the home range of both male
and female grizzly bears in coastal temperate rainforests*’, especially considering the relatively easy movement
along riparian routes. Nonetheless, a telemetry sampling approach to examine fine-scale spatial and temporal
movement would glean richer information about tolerance. Our community partners (which included Fisheries
and Wildlife Managers from the Nuxalk First Nation and BC Parks), however, preferred a minimally-invasive
approach (e.g., avoidance of capturing and collaring bears). Accordingly, we opted for hair-snagging. Although
we forewent fine-scale spatial information, the method still yielded data on the detection of specific individuals
over space and time.

An additional limitation is our lack of behavioral state data from sites without ecotourism. We suspect,
however, that we were only able to collect such few data in the area related to the fact that researcher presence
was novel, unpredictable and potentially perceived as risky for bears in the land-based” and especially ‘no tours’
reference areas with lower human activity. Despite the lack of behavioral state data, we know bears were present,
as evidenced by our genetically-informed spatial data described above, as well as camera trap data!”. Nonetheless,
given these limitations, we note that we could not attribute measures of tolerance to individuals based on their
space-use alone. Instead, we drew on our spatial data to create a visualization tool to illustrate a possibility that
not all bears in the corridor are using the ecotourism area. Doing so, however, illuminates a key point: behavioral
studies focused on ecotourism areas may be collecting data solely from individuals that tolerate human presence.

Our work has broader implications for management and human-wildlife coexistence. Investigating more
than one modality of wildlife response to disturbance broadens the scope of conclusions that can be drawn
because different antipredator responses reflect different aspects of predation risk management'!. Such an
approach can provide richer insight in managing for human-wildlife coexistence. Specifically, when our
behavioral and spatial data were considered in tandem, our work suggests the possibility that behavior data are
collected from individuals tolerant enough to coexist with people, which might be overlooked if we examined
only the behavioral states of those individuals that were present. Put another way, considering only the absence
of association between behavioral states and ecotourism metrics in isolation from spatial data could suggest a
grizzly bear population tolerant of ecotourism. While this may be the case, our work highlights the possibility
that coexistence in this and perhaps many systems could be a process that excludes some individuals within
wildlife populations that are not tolerant enough to participate. Accordingly, knowledge about the modality of
response by wildlife can help managers identify effective and ecologically appropriate management strategies
to foster coexistence. More broadly, research does not often distinguish between whether individuals decrease
behavioral response towards humans because they are tolerant, or because shyer individuals move away from
disturbed areas®. Our conclusions support Bedjer et al’s? argument that placing emphasis on only one modality
of response effectively limits the conclusions that can be drawn from the investigation. Specifically, our work
contributes to this concept by highlighting that in addition to behavioral observation data, concurrent spatial
inquiry can provide richer insight into the extent to which animals might be disturbed.

Data availability
Data analyzed during the study and associated code are uploaded to the following GitHub repository: https://gi
thub.com/ACSLabUVic/atnarko-behaviour-analysis.
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