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Introduction

Urbanization is an extreme form of land use alteration, with human development driving changes in the distribution of resources available to wildlife. Some large carnivores have learned to exploit anthropogenic food resources in urban development, resulting in human-carnivore conflict that can have detrimental impacts to people and carnivores, as exemplified by American black bears. Management agencies commonly promote the use of bear-resistant garbage containers for reducing conflicts, but little is known about the actual behavioral responses of bears to this intervention.





Methods

To understand whether black bears alter their behavior in response to changes in residential waste management, we investigated patterns of bear behavior in Durango, Colorado, where anthropogenic attractants were experimentally manipulated. Using location data from collared black bears, we modeled resource selection and movement in response to areas that had received bear-resistant garbage containers compared to those that did not.





Results

Bears avoided residential areas where garbage availability had been reduced, and this avoidance response increased over subsequent years, potentially suggesting that bears were learning from the management intervention. Bear movement rates, however, were not notably affected by the garbage reduction.





Discussion

Our findings highlight the importance of reducing the availability of anthropogenic attractants for changing bear behavior and reducing risk of urban human-bear conflict, and that these responses can strengthen over time as bears learn from the management intervention.
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1 Introduction

Urbanization is an extreme form of land use alteration, with human development driving changes in biogeochemical cycles, habitat, and biodiversity (Grimm et al., 2008), thus altering ecological patterns and processes (Schell et al., 2020). Specifically, urban development affects landscape heterogeneity, modifying the temporal and spatial distribution of resources for animals (Alberti, 2005). For wildlife, such alterations in the distribution of resources can result in changes in individual behavior, population dynamics, and community structure by favoring or disadvantaging particular species (Shochat et al., 2006). Some species actively avoid urban areas (i.e., “avoiders”), some species rely primarily on natural habitat but use some anthropogenic resources (i.e., “adapters”), and some species inhabit city environments and become dependent on anthropogenic food and shelter (i.e., “exploiters”) (McKinney, 2006).

Certain large carnivores have learned to exploit anthropogenic food sources associated with urban development (Crooks, 2002; Bateman and Fleming, 2012), resulting in human-carnivore conflict that can have detrimental impacts on both people and carnivores (Soulsbury and White, 2015). Impacts to people include direct attacks on humans or their domestic animals. For example, injuries and fatalities have resulted from people being attacked by spotted hyenas (Crocuta crocuta) in Ethiopian suburbs (Abay et al., 2011), by leopards (Panthera pardus) in Mumbai, India (Landy, 2018), and by coyotes (Canis latrans), mountain lions (Puma concolor), and American black bears (Ursus americanus) in urban areas across North America (Bombieri et al., 2018). Other impacts to people include property damage, which can incur significant costs. For example, badger (Meles meles) burrows in England created damages amounting to approximately £250,000 per year (Davison et al., 2011), and damage to structures by brown bears (Ursus arctos) averaged 1,800€ per year in a single national park in Italy (Galluzzi et al., 2021). Impacts to carnivores include mortality from vehicle collisions, lethal removals, toxicity, and disease (Gehrt et al., 2010; Bateman and Fleming, 2012). For example, black bears that use urban areas in Colorado commonly died from vehicle collisions (Johnson et al., 2020), urban coyotes died frequently from ingestion of toxicants (Poessel et al., 2015), and red fox (Vulpes vulpes) mortality in urban areas in Europe was due to lethal management control (Bateman and Fleming, 2012). To reduce the impacts of conflict for both people and carnivores, there is a need to identify and evaluate solutions that foster human-carnivore coexistence (Artelle et al., 2024), defined as the co-occurrence of sustainable carnivore populations and human endeavors with minimal human-carnivore and social conflict (Venumière-Lefebvre et al., 2022).

One of the most common management strategies to reduce human-carnivore conflict is to restrict carnivores from accessing human food sources. For example, fenced corrals are used to prevent wolves (Canis lupus) and snow leopards (Panthera uncia) from predating on livestock at night in Mongolia, and electric fencing effectively reduced depredations from jaguars (Panthera onca) in livestock operations throughout Central and South America (Polisar et al., 2025). Attractant management assumes that target animals are capable of behavioral plasticity and will respond to an altered distribution of resources by modifying their behavior in a way that reduces conflict (Greggor et al., 2020; Artelle et al., 2024). Knowledge about animal behavior can inform the conservation and management of wildlife (Blumstein and Fernández-Juricic, 2004, 2010), for instance by using behavioral responses as indicators of management success (Verzuh et al., 2024). In the approach-avoid framework (Greggor et al., 2020), the management goal is to attract or repel animals from specific locations or stimuli by altering the economics of foraging decision-making, for example by de-valuing an attractant. This is done either by increasing the perception of risk using something like repellents, or by decreasing the reward through reduced access. If animals are capable of associating spatial cues with the increased risk or decreased reward, the expected behavioral response is spatial avoidance (Greggor et al., 2020; Homstol et al., 2024). Animals also tend to increase their movement rates in response to decreased forage availability (Avgar et al., 2013). Thus, movement rates such as speed and path sinuosity can also be used as indicators of animal behavioral response.

Black bears (hereafter bears) in North America are an excellent example of a large carnivore that can exploit human resources in urban areas, leading to increased conflict (Spencer et al., 2007; Klees Van Bommel et al., 2022). Black bears are opportunists and respond to scarcity of resources by expanding their home ranges and food sources, showing behavioral flexibility (Baruch-Mordo et al., 2014; Ditmer et al., 2018a; Garshelis et al., 2020). The greater availability of anthropogenic food in developed landscapes, particularly garbage, creates an environment that is highly attractive to bears and brings them into human settlements (Beckmann and Berger, 2003; Fusaro et al., 2017). Bears that enter developed areas have a higher probability of mortality due to vehicle collisions (Ditmer et al., 2018b; Gantchoff et al., 2020) and encounters that can lead to their lethal removal (Spencer et al., 2007; Beckmann and Lackey, 2008). Human-bear conflict also impacts people, including threats to human safety (Herrero et al., 2011), damage to cars and property (Pelton et al., 1976; Baruch-Mordo et al., 2008), and fostering negative attitudes toward wildlife management agencies (Lischka et al., 2019; Zajac et al., 2012). Human-bear conflicts are exacerbated during periods of drought or late spring freezes, both of which can greatly limit natural forage (Baruch-Mordo et al., 2014). During these poor food years, bear physiological needs for resources often outweigh the risks of using developed areas (Johnson et al., 2015), and as bears use anthropogenic resources as food subsidy, rates of conflicts increase (Zack et al., 2003). Resulting bear mortality can be high, with significant demographic impacts on surrounding bear populations (Johnson et al., 2020). For example, during a year with poor natural food availability, collisions with vehicles, hunter harvests, and lethal removals by management agencies led to a 57% decline in the local female bear population (Laufenberg et al., 2018).

The primary anthropogenic resource black bears access within developed landscapes is garbage (Lewis et al., 2015). As a result, wildlife agencies often advocate for the use of bear-resistant garbage containers and infrastructure to reduce bear access to this resource, and thus, decrease the reward of foraging within residential development. While studies have shown that bear-proofing infrastructure is generally effective at reducing bear access to human foods and decreasing conflicts (Johnson et al., 2018; Barrett et al., 2023), little is known about the actual behavioral responses of bears to this management action. If bears perceive the reduction in food rewards while risk on the landscape remains high, they should respond by spatially avoiding areas with bear-resistant containers, and potentially moving more quickly through those areas. Because bears are known to be highly adaptive learners (Mazur and Seher, 2008; Hopkins, 2013), we may also expect that their behavioral responses to bear-proofing garbage may increase over time or change under different environmental conditions (e.g., decrease after natural food shortages).

The goal of this study was to investigate the fine-scale behavioral response of black bears to the implementation of bear-resistant trash containers, one of the most commonly used management strategies for reducing human-bear conflicts. We leveraged longitudinal data from a large-scale experiment that tested the effectiveness of bear-resistant garbage containers in Durango, Colorado, a mountain community that experiences high rates of conflicts with black bears (Johnson et al., 2015, 2018; Lischka et al., 2019). The experiment successfully reduced instances of bears accessing garbage (Johnson et al., 2018), but its impact on fine-scale bear behavior has not yet been investigated. To understand whether bears changed their behavior in residential areas in Durango in response to reduced access to human food, we used black bear GPS collar location data and modeled resource selection and movement as a function of the bear-proofing treatment. Specifically, our objectives were to evaluate: (1) whether the reduction in garbage availability in certain residential areas resulted in decreased bear selection for these areas; (2) whether the reduction in garbage availability resulted in increased bear movements in these areas; and (3) whether these responses shifted over time as bears learned about the management intervention or as natural food conditions varied.




2 Materials and methods



2.1 Study system

Our study took place in Durango, a city located in southwest Colorado, USA (37.2753°N, 107.8801°W), on the Animas River near the San Juan National Forest. Elevation in the immediate vicinity of the study area ranges from 1,960 to 2,410 m (U.S. Geological Survey, 2024). Between 2011 and 2016, temperatures in Durango averaged -1.9 °C in the winter (Dec-Feb) and 21.2 °C in the summer (Jun-Aug), and precipitation averaged 27.0 cm of rain and 45.9 cm of snow annually (National Weather Service, 2024). Vegetation is dominated by ponderosa pine (Pinus ponderosa), pinyon pine (Pinus edulis), Gambel oak (Quercus gambelii), aspen (Populus tremuloides), juniper (Juniperus spp.), chokecherry (Prunus virginiana), serviceberry (Amelanchier canadensis), and wild crab apple (Peraphyllum ramosissimum). Areas around the city are predominately public lands, owned and managed by city, county, state, and federal entities.

Durango has a land area of 38.1 km2 (U.S. Census Bureau, 2020) and has experienced high levels of human growth and activity. From 2010 to 2020, the city experienced an 18.3% increase in the resident population (16,887 residents in 2010 and 19,971 in 2020), increased rates of tourism, and increased urban development (U.S. Census Bureau, 2020). Black bears in the vicinity typically consume mast species such as Gambel oak, pinyon pine, chokecherry, and wild crab apple; but will also consume human food sources such as garbage and birdseed, contributing to human-bear interactions (Johnson et al., 2015). When natural foods are scarce, bears often increase their use of human foods in and around Durango, which is associated with higher bear mortality (Johnson et al., 2020). According to the Colorado Revised Statutes § 33-4-101.3, bear baiting for hunting is illegal in Colorado.

To reduce the risk of human-bear encounters, the City of Durango enacted an ordinance in 2010 requiring residents to secure garbage in buildings or in wildlife-resistant containers (Ordinance O-2018-6, 2018). At that time, approximately 10% of residents had voluntarily purchased bear-resistant containers. In 2011, Colorado Parks and Wildlife, the U.S. Department of Agriculture National Wildlife Research Center, and the City of Durango partnered to conduct an experiment that used a longitudinal (2011-2016) before-after-control-impact design to determine whether widescale use of bear-resistant garbage containers was effective at reducing human-bear conflicts (Johnson et al., 2018). Within the residential core of Durango, they identified two treatment areas and two paired control areas. They randomly assigned a treatment and a control area in the northern part of the city (Figure 1C), which consisted mostly of larger single-family homes where garbage was likely to be secured in garages between pick up days. They similarly assigned a treatment and a control area in the southern part of the city, which included smaller lots and more rental properties and where garbage was mostly stored in alleys. In 2011 and 2012, researchers monitored all four areas to collect pre-treatment data on human-bear garbage-related conflicts (i.e., instances of strewn trash showing evidence of bears having accessed garbage). They recorded similar baseline rates of garbage-related incidents in designated control and treatment areas (Johnson et al., 2018). In spring of 2013, each residence in the two treatment areas (n = 1,145 homes; shown in green in Figure 1C) received a bear-resistant garbage container (depicted in Supplementary Figure S1). Residences in the two control areas (n = 1,123; shown in purple in Figure 1C) continued to use the garbage containers they previously owned. Researchers continued to monitor post-treatment garbage-related conflict with bears for 4 years during the summers of 2013-2016. We used data collected from this experiment to address our questions about the effect of urban bear-proofing on bear resource selection and movement (additional details about the experiment are described in Johnson et al., 2018).

[image: Map showing the western United States with areas marked in brown, highlighting Colorado. Insets detail Colorado with major cities Denver and Durango labeled. Below, a satellite view of a region with multicolored data points and grid overlays, surrounded by a white boundary. Scale shows a marker of two kilometers]
Figure 1 | Location of the study area, at the national (A), state (B), and local(C) scale. In panels (A, B), the current range of American black bears (Ursus americanus) is represented in brown (IUCN (International Union for Conservation of Nature), 2016; Colorado Parks and Wildlife, 2023). In panel (C), treatment areas in Durango, Colorado, where bear-resistant garbage containers were distributed, are represented in green; control areas where non-bear-resistant garbage containers were predominantly used are represented in purple. Bear GPS locations are represented by colored dots; each color associated with one individual. The 1.5-km buffer around the experimental area was used to filter location data retained for the analysis and is represented as a white line. Base map source: Imagery © 2025 Airbus, Landsat/Copernicus, Maxar Technologies, USDA/FPAC/GEO.

Because interannual availability of natural forage is an important predictor of bear use of developed areas (Baruch-Mordo et al., 2014) and of resulting human-bear conflicts (Zack et al., 2003; Johnson et al., 2015), researchers also monitored natural food availability. They surveyed 15 1-km vegetation transects within 10 km of Durango and estimated the annual availability of hard and soft mast from Gambel oak, chokecherry, and wild crab apple shrubs along each transect every two weeks during August and September. They used the average annual abundance of mast across the three shrub species to generate an annual index of natural forage conditions (Johnson et al., 2018).




2.2 Black bear data

During 2011-2016, individual bears were captured with box traps in the vicinity of Durango each summer (Johnson et al., 2020). Traps were located within approximately 10 km of the Durango city limits to collar individuals that had access to both human-modified and natural habitats. Adult females estimated to be ≥3 years old were immobilized and fitted with Vectronic Globalstar GPS collars (Johnson et al., 2015). Collars were programmed to collect hourly locations, and dens were visited in the winter to download locations, replace collar batteries, and collect additional biometric data on collared bears and their cubs.

To evaluate bear responses to the garbage reduction treatment, we used the GPS data to define bear “steps” in the immediate vicinity of the experimental area (i.e., treatment and control areas) during the late summer period when conflicts peak. A step was defined as the straight line distance between two consecutive locations with a time interval of 60 ± 10 min (following Fortin et al., 2005; Thurfjell et al., 2014). Temporally, we included steps associated with the hyperphagia season, between 1 July and 30 September (2011-2016), when bears increase their time spent foraging on both natural and human foods in preparation for hibernation (Nelson et al., 1983; Lewis et al., 2015). Spatially, we defined a 1.5-km buffer around the experimental area, covering an area of 30.7 km2 (Figure 1C). This distance was the near-maximum distance covered by bears in 1 h (i.e., 99% percentile length of steps); we included any step that started or ended within the buffer. We removed all steps shorter than 30 m to avoid non-movement periods (e.g., hours when bears were resting) and included only individual-year combinations with at least 10 steps to meet the computational demands of the subsequent analysis.




2.3 Habitat covariates

We investigated black bear behavioral responses to the garbage-reduction treatment after accounting for other natural and anthropogenic habitat covariates expected to influence bear resource selection based on the literature. Following Signer et al. (2019), predictors of resource selection were attributed based on the location of the end of the step, and predictors of movement kernel were attributed based on the location at the start of the step. We expected bears to stay near riparian areas which offer water, cool habitats, and dense vegetative cover (Naiman and Rogers, 1997; Lyons et al., 2003). We used linear hydrography data (U.S. Census Bureau, 2013) and calculated the natural logarithm of the distance (m) from step end points to the closest river or stream (perennial and intermittent). We also expected bears to select areas with lower elevations and steeper slopes, which generally offered more vegetation cover and less human development, respectively (Johnson et al., 2015). We used data from the National Elevation Dataset (U.S. Geological Survey, 2024, 30-m resolution) and extracted elevation (m) and slope (°). We initially included elevation and slope as either linear or quadratic predictors of bear resource selection in univariate models; quadratic effects were more strongly supported based on the corrected Akaike Information Criterion (AICc, Akaike, 1974), and so we used them in our multivariate models (described below). We expected bears to use forested areas for cover as well as for food resources (Johnson et al., 2015; Laufenberg et al., 2018). We compared (1) deciduous, evergreen, and mixed forest land cover classes and (2) percent tree canopy (Multi-Resolution Land Characteristics consortium, 2011; 30-m resolution) as potential predictors of bear resource selection. We considered univariate models with these potential predictors and selected the one producing the lowest AICc. Based on AICc, percent tree canopy cover was the strongest predictor and was included in further analyses. We expected bear use of developed areas to increase during years of poor natural food availability (Baruch-Mordo et al., 2014) and therefore included the annual index of natural forage conditions from Johnson et al. (2018) as an additional predictor in our models.

We also attributed bear steps with covariates related to human development because these areas represent both sources of food (e.g., garbage, birdseed, fruit trees) and increased risk (e.g., roads, human activity). We expected bears to select intermediate densities of development (Johnson et al., 2015; Evans et al., 2017; Laufenberg et al., 2018) because they have been observed to prefer areas with ample human food resources but to avoid dense development associated with greater human activity. We compared (1) percent imperviousness (i.e., proportion of area covered by surfaces that prevent water from infiltrating the ground such as roads, rooftops, and parking lots), included either as a linear or quadratic term, (2) categorical development land cover classes (open space, low, medium, and high intensity development where impervious surfaces account for 0-19%, 20-49%, 50-79%, and 80-100% of the total area, respectively), and (3) the log-distance (m) from the step end point to development (Multi-Resolution Land Characteristics consortium, 2011; 30-m resolution) as univariate predictors of bear resource selection. Based on AICc, percent urban imperviousness with a quadratic term was the strongest predictor and was included in further stages of analyses. We examined predictors for autocorrelation and no pair of variables had a Pearson’s correlation coefficient |r| > 0.7 (Dormann et al., 2013).




2.4 Investigating bear behavioral responses to the experiment

We jointly modeled the effect of the garbage-reduction treatment on bear resource selection and movement using an integrated step selection analysis (Avgar et al., 2016; Fieberg et al., 2021). This method reduces bias in estimating resource selection parameters (Forester et al., 2009) while simultaneously providing inference about animal movement. We adapted the framework of Dickie et al. (2020) and identified steps as belonging to one of four possible categories of behavioral response to habitat: (1) forage, (2) travel, (3) cautious, and (4) flee (Figure 2). We assumed that strong resource selection with slow and sinuous movement (i.e., short step lengths and high angular deviation) is a response to habitats providing food resources and protection, thus categorized as “forage.” We assumed that strong selection with fast and straight steps is a response to safe habitats facilitating movement, such as corridors (“travel”). We also assumed that weak selection with slow and sinuous movement is a behavioral response to novel or complex habitats that impede movement (“cautious”) and that weak selection with fast and straight movement is a behavioral response to risky habitats, where risks overcome elements impeding movement (“flee”) (Avgar et al., 2013) (Figure 2). We used this framework to test our hypotheses relating to the garbage-reduction treatment. We expected that, if the treatment was successful at limiting food resources, bears would reduce foraging in the treatment areas after the containers were distributed and would instead display fleeing behavior. Thus, we expected lower selection and faster and straighter movement in treatment conditions (i.e., post-implementation treatment areas) relative to control conditions (i.e., pre-implementation treatment areas and control areas). A shift in treatment conditions from “forage” to “flee” would be indicative of behavioral flexibility in bears and of success of the management action.

[image: Four-quadrant chart illustrating animal behavior. The y-axis islabeled“select” (upward) and “avoid” (downward), and the x-axis is labeled“slow and sinuous” (left) and “fast and straight” (right). Quadrants are labeled: top-left “forage”, top-right “travel”, bottom-left “cautious”, bottom-right “flee”. An arrow labeled “control” is shown ar the top-left and an arrow labeled “treatment” moves from the top-left to the bottom-right.]
Figure 2 | Animal behavioral responses to habitats that vary in resource availability and risk can be combined in four theoretical categories: forage (i.e., strong selection, slow and sinuous movement), travel (i.e., strong selection, fast and straight movement), cautious (i.e., weak selection, slow and sinuous movement), and flee (i.e., weak selection, fast and straight movement) (adapted from Dickie et al., 2020). We hypothesized that bears would display forage behavior in pre-implementation conditions and post-implementation control areas (purple arrow, “control”) (Johnson et al., 2020) and would shift to flee behavior in post-implementation treatment areas (green arrow, “treatment”).

To test our hypotheses regarding the effect of the garbage-reduction treatment on black bear selection and movement, we sampled 10 “available” steps for each observed step (Figure 3). Available step lengths were drawn from a gamma distribution with shape and scale parameters based on observed step lengths for the individual. Similarly, available turn angles were drawn from a Von Mises distribution with a concentration parameter based on observed turn angles for the individual (following Avgar et al., 2016; Prokopenko et al., 2017). We fit conditional logistic regression models that included the natural logarithm of step lengths and the cosine of step turning angles as fixed effects to model movement. We accounted for individual bear variation by using a mixed-model approach and included nested random intercepts for each step of each individual-year (Muff et al., 2020).

[image: Two satellite images compare bear movement data of a region.Left: Dense white and red lines over purple and green areas indicating dense movement data. Right: Similar map with fewer red and white lines, showing reduced movement patterns. The background features mountainous terrain.]
Figure 3 | Examples of used (i.e., observed; red lines) and available (i.e., simulated; white lines) steps for two black bears (B27 and B51) in Durango, Colorado in 2013. (A) B27 extensively used the experimental area (i.e., control and treatment areas). (B) B51 had access to the experimental area but seldom used it. Base map source: Imagery © 2025 Airbus, Landsat/Copernicus, Maxar Technologies, USDA/FPAC/GEO.

First, we identified a base model (m0) by modeling the steps as a function of all possible combinations of five habitat predictors of the selection function w()
, including log-distance to rivers, elevation, slope, canopy cover, and urban imperviousness as fixed effects. All models were fit assuming a constant movement kernel, ϕ()
 to limit the candidate model set. Covariates were standardized and included as linear predictors, except elevation, slope, and imperviousness for which a quadratic effect was included. We identified the best model based on the lowest AICc value. The most supported combination of predictors became the structure of our base model, m0.

We used the base model (m0) as a null hypothesis that bears did not respond to the garbage-reduction treatment and tested several alternative hypotheses (models) against it. If the garbage-reduction treatment was successful at altering bear perceptions about reward and risk, we expected that after bear-resistant cans were distributed, bears would abandon “forage” behavior in treatment areas by: (1) avoiding treatment areas (m1); (2) displaying faster and straighter movements in treatment areas relative to pre-implementation conditions and to the control areas (m2); or (3) both avoiding treatment areas and increasing movement (i.e., “fleeing”; m3; Table 1). We expected that these responses could vary with time since implementation if repeated exposure to the bear-resistant garbage containers contributed to bear learning and strengthened their response. Therefore, we fit models with an interactive effect of treatment and “time since implementation” (m4, m5, and m6). Alternatively, bears’ responses to the treatment could be influenced by the availability of natural foods each year, where elevated urban activity would result from poor natural food conditions and would be biased towards control areas compared to treatment sites. Therefore, we fit models with an interactive effect of treatment and annual natural food availability (m7, m8, and m9). Finally, we also modeled the possibility that both time since implementation and annual natural food availability affected response to the treatment in m10, m11, and m12. For each effect tested (i.e., treatment, interaction with time since implementation and/or natural food availability), we tested whether the effect influenced: (1) bear selection, by including it as a predictor of the selection function w()
 (m1, m4, m7, and m10); (2) bear movement, by including it as a predictor of the movement function ϕ()
 (m2, m5, m8, and m11); or (3) bear selection and movement, by including it as a predictor in both functions (m3, m6, m9, and m12) (Table 1). We identified the best supported hypothesis based on the lowest AICc value (Akaike, 1974).


Table 1 | Model structures used to test hypotheses regarding the effect of the garbage-reduction treatment (i.e., “treatment”) on black bear selection w() 
 and movement ϕ()
.
	Name
	Selection w() 
 and movement ϕ()
 structure
	Hypothesis



	Null hypothesis


	m0
	

	Bears did not respond to treatment.


	Response to the garbage-reduction treatment


	m1
	

	Bears avoided treatment areas.


	m2
	

	Bears had faster and straighter movement in treatment areas.


	m3
	

	Bears avoided and had faster and straighter movement in treatment areas.


	Response to the garbage-reduction treatment over time


	m4
	

	Bears avoided treatment areas over time.


	m5
	

	Bears had faster and straighter movement in treatment areas over time.


	m6
	

	Bears avoided and had faster and straighter movement in treatment areas over time.


	Response to the garbage-reduction treatment, depending on natural food availability


	m7
	

	Bears avoided treatment areas, depending on natural food availability.


	m8
	

	Bears had faster and straighter movement in treatment areas, depending on natural food availability.


	m9
	

	Bears avoided and had faster and straighter movement in treatment areas, depending on natural food availability.


	Response to the garbage-reduction treatment over time and depending on natural food availability


	m10
	 
	Bears avoided treatment areas over time and depending on natural food availability.


	m11
	

	Bears had faster and straighter movement in treatment areas over time and depending on natural food availability.


	m12
	 
	Bears avoided and had faster and straighter movement in treatment areas over time and depending on natural food availability.





The null hypothesis includes the best supported combination of landscape predictors of black bear movement and selection (termed “base” structures) without any treatment effect. Alternative hypotheses include treatment effects alone or interacting with effects of time since implementation of bear-resistant garbage cans (i.e., “time”) and/or natural food availability (i.e., “food”).



To evaluate the predictive ability of our best supported model, we used a five-fold cross-validation procedure (Boyce et al., 2002). For each individual-year, we randomly selected 80% of steps to estimate model parameters while holding out 20% of steps for validation. We predicted the probability of use of the used steps retained for validation and divided these predicted values in 10 equal area bins. Each bin was characterized by a bin score, which was the central value of the bin (i.e., 0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95) and by a bin frequency, which was the number of used steps for which the predicted probability of use fell into that bin. We adjusted bin frequencies by dividing them by the number of available steps (from validation data) for which the predicted probability of use fell into that bin. We calculated the Spearman rank correlation (rs) between the bin scores and the bin adjusted frequencies. High predictive performance is indicated by strong positive correlations because more used locations are within higher predicted use bins (Boyce et al., 2002). We rotated data held for validation and iteratively estimated Spearman rank correlations for each validation fold (k).

To report effect size predicted under our best model, we predicted the relative probability of use at all available locations, where we used the observed value for the covariate of interest while maintaining all other predictors at their mean, following (Avgar et al., 2017). We did so at the population level (i.e., across all individual-years) and, to further investigate the effect of treatment over time, we also predicted use at the individual level, only retaining individuals with data available at least one year before and two years or more after implementation. To report effects on movement rates, we predicted speed by multiplying the shape and scale parameters of the gamma distribution and straightness by reporting the concentration parameter of the Von Mises distribution (Avgar et al., 2016; Prokopenko et al., 2017).

Analyses were completed using R version 4.4.0 (R Core Team, 2024) and the packages ‘Animal Movement Tools’ (amt, version 0.2.2.0) (Signer et al., 2019) and ‘Generalized Linear Mixed Models using Template Model Builder’ (glmmTMB, version. 1.1.10.) (Brooks et al., 2017).





3 Results



3.1 Black bear data

During summers 2011-2016, GPS collar locations were collected from 76 adult female black bears across 2,546 km2; all individuals ranged far beyond the Durango city limits. Of these bears, 16 individuals had steps intersecting our study area (i.e., 1.5-km buffer around the experimental area) and period of interest (i.e., July-September). We analyzed a total of 4,198 used steps from these 16 bears across 6 years. Of these individuals, 6 had steps collected exclusively before the treatment was implemented (i.e., 2011-2012), 5 had steps collected exclusively after the treatment was implemented (i.e., 2013-2016), and 5 had steps collected both before and after the treatment was implemented (Supplementary Table S1). Of the 5 bears with steps before and after treatment implementation, 3 had steps collected both before and multiple years after the treatment was implemented and were used to investigate the effect of treatment over time. In the post-treatment years, 3 other individuals were active only at the edge of the buffer and were far away enough from the experimental area that neither their used nor their available steps overlapped the treatment area. However, all these individuals were included because they informed the effect of the other habitat covariates evaluated as predictors of bear selection. In total, the effect of the treatment on selection and movement was informed by 15 individual-years (i.e., 7 individuals across 2013-2016) (Supplementary Table S2).




3.2 Effect of habitat covariates on bear selection and movement

Baseline habitat covariates that predicted bear resource selection included percent canopy cover, elevation, distance to rivers, slope, and percent urban imperviousness (Figure 4; refer to Supplementary Table S3 for model selection results and to Supplementary Table S4 for model coefficients). These five habitat variables were included in our base model (m0) representing the null hypothesis. As predicted, collared bears selected areas with higher canopy cover, lower elevation, closer to rivers and streams, steeper slopes, and intermediate levels of imperviousness, which corresponded to residential neighborhoods with larger backyards and some impervious surfaces. Within our study area, undeveloped areas (i.e., open space natural areas) and areas with higher imperviousness (i.e., apartment complexes, commercial and industrial areas) had lower predicted probabilities of use.

[image: Five line graphs show the relationship between relative probabilityof use and different variables: canopy percentage, elevation, distance to rivers, slope, and imperviousness. Each graph includes multiple colored lines representing different data sets. The trends demonstrate varying levels of probability in response toeach factor, with canopy and slope showing a positive correlation, elevation and distance to rivers showing a negative correlation, and imperviousness displaying a peak.]
Figure 4 | Estimated effects of percent canopy cover, elevation, distance to rivers, slope, and imperviousness on the relative probability of use by black bears in Durango, Colorado (2011-2016), included in the base model (m0). Each colored line represents a unique individual-year, with one color for each bear individual (i.e., some colors appear 2–3 times to represent the same bear in different years). Thicker black lines show the population average response.




3.3 Effect of garbage reduction on bear selection and movement

After accounting for important habitat covariates, we tested multiple hypotheses regarding the effect of the garbage-reduction treatment on bear resource selection and movement, including the interacting effects of time since implementation and annual natural food availability. Of these hypotheses, the best supported model was m4 (AICc weight = 0.91), which included the interactive effects of the garbage-reduction treatment and time since implementation on resource selection but no effect of treatment on movement (Table 2). Model m4 demonstrated a significant cross-validated Spearman-rank correlation (rs = 0.77; p = 0.01), indicating good model performance (Boyce et al., 2002; refer to Supplementary Table S5 for Spearman-rank correlations of each validation fold). Importantly, under m4, the predicted relative probability of use for collared bears slightly increased in control areas over the years following implementation (i.e., 2013-2016) but decreased over the same years in treatment areas (Table 3, Figure 5). Between 2013 and 2016, the average probability of use increased 10% in control areas (2013: probability = 0.107, sd = 0.006; 2016: probability = 0.117, sd = 0.016) and decreased 30% in treatment areas (2013: probability = 0.119, sd = 0.004; 2016: probability = 0.084, sd = 0.010). Individual predictions of use under m4 for the three bears with data available both before and multiple years after implementation (i.e., B27, B7, and B125) showed that each bear reduced her relative use of treatment areas compared to control areas post-treatment (Figure 6). Notably, all 3 bears showed a slightly stronger selection for treatment areas in 2013, but they all reduced their use of treatment areas across the study period and instead selected for control areas.


Table 2 | AICc-based model selection results for generalized linear mixed models of black bear selection w()
 and movement ϕ() 
 testing the effect of the garbage-reduction treatment (i.e., “treatment”), including interacting effects of time since implementation (i.e., “time”) and natural food availability (i.e., “food”) in Durango, Colorado, 2011-2016.
	Fixed effects model structure
	K
	AICc
	ΔAICc
	AICc weight
	Log-Likelihood



	m4
	 
	15
	28005.88
	0.00
	0.91
	-13987.93


	m6
	 
	21
	28010.66
	4.78
	0.08
	-13984.32


	m10
	 
	16
	28015.92
	10.04
	0.01
	-13991.95


	m12
	 
	24
	28028.67
	22.79
	0.00
	-13990.32


	m7
	 
	15
	28031.70
	25.82
	0.00
	-14000.84


	m0
	 
	12
	28031.95
	26.07
	0.00
	-14003.97


	m1
	 
	13
	28032.09
	26.21
	0.00
	-14003.04


	m2
	 
	14
	28033.23
	27.35
	0.00
	-14002.61


	m9
	 
	21
	28038.30
	32.43
	0.00
	-13998.14


	m3
	 
	15
	28033.92
	28.04
	0.00
	-14001.95


	m5
	 
	18
	28040.24
	34.36
	0.00
	-14002.11


	m8
	 
	18
	28040.34
	34.46
	0.00
	-14002.16


	m11
	 
	20
	28042.61
	36.74
	0.00
	-14001.30





K is the number of fixed effect model parameters; AICc is Akaike’s information criterion corrected for small samples.




Table 3 | Standardized coefficients from the best supported model of black bear selection and movement (m4) in Durango, Colorado.
	Parameter
	ß coefficient
	Standard error
	95% confidence interval



	Movement parameters


	log(sl)
	0.060
	0.017
	[0.027; 0.092]


	cos(ta)
	-0.046
	0.022
	[-0.09; -0.002]


	Resource selection (covariates extracted at the end point of the step)


	canopy
	0.170
	0.018
	[0.135; 0.205]


	elevation
	-0.386
	0.042
	[-0.468; -0.304]


	elevation2
	0.102
	0.011
	[0.08; 0.124]


	distance to rivers
	-0.082
	0.018
	[-0.117; -0.048]


	slope
	0.328
	0.034
	[0.261; 0.395]


	slope2
	-0.038
	0.013
	[-0.064; -0.012]


	imperviousness
	0.147
	0.026
	[0.096; 0.198]


	imperviousness2
	-0.387
	0.023
	[-0.432; -0.341]


	treatment
	0.298
	0.132
	[0.04; 0.556]


	time
	-0.904
	0.174
	[-1.245; -0.563]


	treatment:time
	-0.189
	0.061
	[-0.308; -0.069]





(sl, step length; ta, turn angle).



[image: Box plot showing the relative probability of use from 2011 to 2016. Gray represents “before” in 2011-2012. From 2013 to 2016, purple represents “control” and green represents“treatment.” The data shows variability over time with “control” distributions slightly increasing and “treatment” distributions slightly decreasing.]
Figure 5 | Estimated effect of the garbage-reduction treatment on the relative probability of use of black bears, predicted under the best supported model m4, over the years before and after implementation in Durango, Colorado. Boxplots represent the distribution of values for individual-years (1) before treatment implementation (grey) and (2) after treatment in control (purple) and treatment areas (green). The vertical dashed line shows the year of implementation of the treatment.

[image: Three point graphs labeled B27, B7, and B125 show relativeprobability of use from 2011 to 2016. Each graph has data points for “before” (gray), “control” (purple), and“treatment” (green). A vertical dashed line separates pre-2013 from post-2013 data.]
Figure 6 | Estimated effect of the garbage-reduction treatment on the relative probability of use of black bears, predicted under the best supported model m4, over the years before and after implementation, for individuals with data available both before and more than 2 years after the treatment: B27 (top), B7 (center), and B125 (bottom). Predicted use is represented (1) before treatment implementation (grey) and (2) after treatment in control (purple) and treatment areas (green). Error bars show the 95% confidence intervals. The vertical dashed line shows the year of implementation of treatment.

To address our questions related to the effect of treatment on movement, we investigated the results of the next best supported hypothesis (m6, ΔAICc = 4.78, AICc weight = 0.08, coefficient estimates available in Supplementary Table S6). This hypothesis included an interactive effect of the garbage-reduction treatment and time since implementation on both resource selection and movement. This second-best model (m6) included estimating six additional parameters in comparison to the best hypothesis m4. The effect of treatment on the speed of collared bear movements was small and its direction varied over the years after implementation (Figure 7), thus not clearly confirming or refuting our hypotheses. The predicted straightness of steps remained constant in control areas but slightly increased in treatment areas over the years since implementation (Figure 7), supporting our hypotheses. However, the coefficients representing effects on straightness had 95% confidence intervals overlapping 0 (Supplementary Table S6). Overall, effects on movement were poorly supported (Table 2).

[image: Box plots illustrate changes in speed and straightness from 2011 to 2016. Speed is measured in meters per hour, while straightness is a dimensionless value. The data are categorized into “before” (gray), “control” (purple), and “treatment” (green) groups. The plots show distribution and outliers for each year and group.]
Figure 7 | Estimated effect of the garbage-reduction treatment on the movement rates of black bears, including speed and straightness, predicted under the second-best supported model m6, over the years before and after implementation in Durango, Colorado. Boxplots represent the distribution of values for individual-years (1) before treatment implementation (grey) and (2) after treatment in control (purple) and treatment areas (green). The vertical dashed line shows the year of implementation of the treatment.

Other hypotheses including effects of natural food availability received little support relative to m4 and m6 (AICc weights ≤ 0.01).





4 Discussion

Our study provided insight into the fine-scale behavioral responses of black bears to wide-scale urban bear-proofing, suggesting bears perceived and reacted to this management intervention. Knowledge about the behavioral responses of animals, including resource selection (Greggor et al., 2020), movement (Avgar et al., 2013), and learning (Verzuh et al., 2024), can be indicators of success of management actions and can help advance wildlife conservation (Blumstein and Fernández-Juricic, 2004, 2010). In the case of the garbage-reduction experiment in Durango, we expected black bears to avoid treatment areas and increase movement rates, including speed and straightness, compared to control areas and to pre-implementation conditions (Dickie et al., 2020). Consistent with these predictions, bears avoided residential areas where garbage availability had been reduced and this avoidance response increased over time, suggesting learning. However, bear movement rates were not notably affected by the garbage reduction. While our inferences were based on a small number of collared female bears, they demonstrate the effectiveness of bear-resistant garbage containers in modifying black bear behavior in a way that reduces the risk of urban human-bear conflict.

Over the four years following the distribution of bear-resistant garbage containers in the treatment areas, the probability of use of the treatment sites by a bear slightly decreased from ~12% in 2013 to ~8% in 2016 (a decline of ~30%). In the same period, bear activity slightly increased in control areas (11% in 2013 and 12% in 2016). Following the approach-avoid framework (Greggor et al., 2020), bear-resistant garbage containers were effective at de-valuing trash as an attractant and at altering the economics of foraging decision-making. This is consistent with previous findings that the garbage reduction in Durango was effective at reducing the number of events of bears eating garbage (Johnson et al., 2018), and with previous studies that established that bear-proofing efforts helped reduce self-reported human-bear conflicts (Barrett et al., 2023) and the amount of human foods in bear diets (Hopkins et al., 2014). Importantly, our study suggests the mechanism driving these reductions in conflicts, i.e., the decline in bear use of bear-proofed areas due to a direct change in bear behavior. In addition, reduced bear activity in residential areas due to bear-resistant containers also likely alleviated non-garbage-related risks, including risks to people, domestic pets, and property as well as risks to bears via lethal control or vehicle collisions.

Containers employed in this study used a manual locking mechanism (refer to Supplementary Figure S1); therefore, effectiveness was dependent on resident compliance. During the post-treatment years (2013-2016), the average annual compliance rate in treatment areas was 71% (Johnson et al., 2018), which meant that some garbage was still available to bears. Currently, bear-resistant containers in Durango use an automatic locking mechanism that increases compliance rates (e.g., resident compliance when using automatically locking containers was 92% in Durango in 2021; C. Venumière-Lefebvre, Colorado State University, unpublished data, 2021). As a result, we expect the behavioral responses of bears to these new containers is likely stronger than those we estimated in our study.

Previous studies have determined that scarce natural food is an important driver of urban bear activity (Baruch-Mordo et al., 2014; Johnson et al., 2015) and conflicts (Zack et al., 2003; Laufenberg et al., 2018). Our results indicated that the effect of treatment was strongly influenced by time since implementation but not by interannual variations in the availability of natural foods. The four post-implementation years (i.e., 2013-2016) had variable mast availability (high: 2014, index = 25.4; low: 2015, index = 17.5) but were all moderate or good food years compared to a complete food failure year like 2012 (index = 5.6) (Johnson et al., 2018). Our finding that bear-resistant containers were effective even in years of lower food availability is encouraging. However, more research evaluating the effectiveness of these containers during food failure years is warranted considering their frequency is expected to increase with changes in global climate (Ummenhofer and Meehl, 2017; Li et al., 2025).

The time dependence of the selection response we observed is likely due to two factors: (1) a change in the individuals composing the population and (2) individual bear behavior change, suggesting learning or behavioral plasticity (Lee and Thornton, 2021). The composition of collared individual bears that used the study area shifted during the study period. For example, B51 used the study area only during the year prior to the implementation of garbage-reduction efforts (i.e., 2012) and the year just following it (i.e., 2013). In contrast, B124 and B480 used the study area only during the later years, after the treatment was implemented (i.e., 2015 and 2016, respectively) (Supplementary Table S1). However, black bears are also highly intelligent and capable of using spatial memory (Zamisch and Vonk, 2012) and learning foraging behavior (Mazur and Seher, 2008). When we plotted model predictions for three individuals with data both before and after implementation of the treatments (Figure 6), we observed that each bear reduced her activity in treatment areas over time; in contrast, no such decline was evident in the control areas. Despite the small sample size, this result potentially suggests individual learning, defined as the modification of an animal’s behavior in response to repeated positive or negative exposure (Shettleworth, 2010; Barrett et al., 2019). Indeed, Lewis et al. (2021) reflected on the challenge of measuring spatial learning in natural environments and suggested that it can be measured by improved performance (i.e., a change in behavior) as a function of time in the environment, such as in our study. Time indicates repeated exposure to the stimulus and the opportunity for bears to associate this stimulus (i.e., bear-resistant garbage containers) with the outcomes of behavior (i.e., lack of reward) (Sol et al., 2020; Lee and Thornton, 2021) likely driving our observed outcome.

Contrary to expectations, we did not find clear evidence that bears altered their movement rates (i.e., speed and straightness) in response to garbage-reduction efforts. Our results regarding the speed of individuals were inconclusive and straightness of bear steps increased in treatment areas, following our hypothesis, but not significantly. In reference to the four theoretical categories of behavioral responses outlined in Figure 2, our results suggest that bears might have responded to reduced garbage availability by altering their behavior along one dimension of our framework (i.e., resource selection) but not clearly along the other (i.e., movement rates). Results also suggest a shift in behavior away from the “forage” model, likely toward a “flee” response, but further analyses with more data could help clarify the movement response to treatment. Although animals are expected to increase their movement rates in response to reduced forage availability (Avgar et al., 2013), movement can be constrained by other factors, including energetic costs (Nevin and Gilbert, 2005), physical barriers impeding movement (e.g., roads, buildings, fences; Dickie et al., 2020), and unpredictable anthropogenic activities (Frid and Dill, 2002; Collins et al., 2022). As a result, multiple factors are likely operating simultaneously in complex urban landscapes, contributing to the lack of a clear and consistent movement response to the garbage-reduction treatment. Given that effects on movement rates are modeled in integrated step selection functions by interacting covariates with two movement parameters (i.e., log-step length and cosine of turn angles) (Avgar et al., 2016), and given our relatively restricted dataset, models testing hypotheses relating to movement were easily over-parameterized. Therefore, a larger dataset might be necessary to model the complex relationships driving bear movement responses.

In addition to quantifying the effect of the garbage reduction, we identified habitat covariates that were most predictive of bear activity in a developed landscape. As predicted, bears selected areas of high canopy cover, steep slopes, close to rivers and streams, and low elevations. Those areas were often vegetated and less developed and thus provided protection and food resources (Naiman and Rogers, 1997; Lyons et al., 2003; Johnson et al., 2015; Laufenberg et al., 2018). This selection for cover demonstrates the documented use of edges in heterogeneous anthropogenic landscapes by urban carnivores (Gehrt et al., 2010; Ordeñana et al., 2010; Leighton et al., 2022). In addition, bears selected areas of intermediate densities of development, following the urban intermediate disturbance hypothesis (Crooks, 2002; Gehrt et al., 2010). Specifically, bear activity peaked in residential neighborhoods with backyards, which offer a balance between anthropogenic food (e.g., garbage, birdseed, fruit trees) and risk (e.g., lower human activity than in commercial areas, smaller and quieter roads, and presence of vegetation cover in backyards) (Johnson et al., 2015; Evans et al., 2017; Laufenberg et al., 2018). This result supports the importance of targeting residential attractants in management actions to mitigate urban conflicts.

It is important to recognize that our dataset was limited to 16 adult female black bears, with seven of these collared individuals contributing to the reported effect of reduced garbage availability on resource selection. The focus on adult females was due to constraints inherent to our existing dataset, where adult females were initially targeted to estimate population dynamics of bears in the vicinity of Durango (Johnson et al., 2020). Further investigating effects of reducing anthropogenic attractants on bear resource selection using larger sample sizes or in different communities would help generalize our findings. In particular, evaluating the behavioral responses of male black bears to such alterations of anthropogenic resources availability would be insightful because males tend to have larger home ranges (Karelus et al., 2016) and longer activity periods (Lindzey and Meslow, 1976) than females. Although our behavioral results were restricted to adult female bears, notably, they closely aligned with trends of reduced conflicts during the same period, which were caused by bears of all sex and age classes in the study system (Johnson et al., 2018), suggesting that our findings may be relevant to these other segments of the bear population.

Evidence-based solutions to reduce human-carnivore conflicts are needed (Artelle et al., 2024), but it is often challenging to evaluate the effectiveness of different management actions. Experimental designs, which offer the most robust results, are difficult to conduct at the scales on which large carnivores operate. For example, the home range of an individual female black bear can average 20 km2 in size (Price et al., 2024); the total collar locations of the 16 bears included in our study from hyperphagia months covered 24 km2 (estimated from the median 95% minimum convex hull) or about five times the size of the control and treatment areas of our study. As a consequence, matching the scale of management actions to the behaviors of carnivores is often logistically and financially difficult. The experimental manipulation of attractants in Durango and the concurrent monitoring of black bear movement via GPS telemetry enabled a rare opportunity to evaluate the behavioral responses of bears to the garbage-reduction intervention.

Overall, our findings demonstrate that changes in residential garbage practices can be an effective management lever for reducing anthropogenic attractants in communities experiencing conflicts with bears. Although bear-resistant containers are expensive, our results indicate that they can measurably change the behavior of individual bears and that effectiveness is expected to increase over time, making it a strategic investment for communities, particularly if using automatically locking containers. In addition, human development-related mortality can cause population sinks or ecological traps for bears (Hostetler et al., 2009; Lamb et al., 2017; Johnson et al., 2020). Attractant management strategies such as the one implemented in Durango can help reduce bear use of developed areas and are likely to better maintain bear populations over time, especially considering likely increases in urbanization in the future.
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