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Abstract 
Apex predators can shape communities via cascading top–down efects, but the degree to which such efects depend on preda-
tor life history traits is largely unknown. Within carnivore guilds, complex hierarchies of dominance facilitate coexistence, 
whereby subordinate species avoid dominant counterparts by partitioning space, time, or both. We investigated whether a 
major life history trait (hibernation) in an apex carnivore (black bears Ursus americanus) mediated its top–down efects on 
the spatio-temporal dynamics of three sympatric mesocarnivore species (coyotes Canis latrans, bobcats Lynx rufus, and gray 
foxes Urocyon cinereoargenteus) across a 15,000 km2 landscape in the western USA. We compared top–down, bottom–up, 
and environmental efects on these mesocarnivores using an integrated modeling approach. Black bears exerted top–down 
efects that varied as a function of hibernation and were stronger than bottom–up or environmental impacts. High black 
bear activity in summer and fall appeared to bufer the most subordinate mesocarnivore (gray foxes) from competition with 
dominant mesocarnivores (coyotes and bobcats), which were in turn released by black bear hibernation in winter and early 
spring. The mesocarnivore responses occurred in space (i.e., altered occupancy and site visitation intensity) rather than time 
(i.e., diel activity patterns unafected). These results suggest that the spatio-temporal dynamics of mesocarnivores in this 
system were principally shaped by a spatial predator cascade of interference competition mediated by black bear hiberna-
tion. Thus, certain life history traits of apex predators might facilitate coexistence among competing species over broad time 
scales, with complex implications for lower trophic levels. 
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Introduction 

Apex predators can infuence ecosystems via top–down 
efects that can cascade among and across biotic communi-
ties (Ritchie and Johnson 2009; Ripple et al. 2014; Prugh 
and Sivy 2020). Early work on such efects was guided by 
theory that focused on the lethal removal of prey by preda-
tors (cf. Hairston et al. 1960). More contemporary research 
has revealed that apex predators also exert top–down efects 
along nonlethal pathways by inducing behavioral antipreda-
tor responses (Heithaus et al. 2008; Ferretti et al. 2010). 
Such behavioral responses not only occur in prey species, 
but also in subordinate predators that compete with their 
apex counterparts for space and resources (Schoener 1983; 
Holt and Polis 1997; Ritchie and Johnson 2009). These 
dynamics are broadly encapsulated in the Mesopreda-
tor Release Hypothesis, which predicts that the decline or 
disappearance of apex predators will alter the distribution, 
behavior, or abundance of subordinate mesopredators, with 

http://orcid.org/0000-0002-0681-2646
http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-021-04927-6&domain=pdf
mailto:remington.moll@unh.edu


Oecologia 

1 3

 

 
         

 
 

 
 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 

 
  

 
           

 
   

 

 
 

 
 

 
 

 
 
 
 

 
 

 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

   
 

   

       
 
 

 
        

 

 
   

 
 

 
 

potentially cascading efects on lower trophic levels (Soulé 
et al. 1988; Elmhagen and Rushton 2007; Elmhagen et al. 
2010; Ritchie et al. 2012). This hypothesis has received 
broad support across diverse ecosystems globally (Prugh 
et al. 2009; Ritchie and Johnson 2009; Ripple et al. 2014) 
although the degree to which top–down efects infuence 
mesopredators vary across and within systems (Jachowski 
et al. 2020). 

While it is clear that apex predators afect subordinate 
predators, the role that life history traits play in mediating 
these efects is largely unstudied (Polis et al. 1996; Linnell 
and Strand 2000; Ritchie and Johnson 2009; Ferretti et al. 
2010). Indeed, most research considering life history the-
ory in relation to predators has focused on how predation 
risk shapes prey life history [e.g., in birds (Martin 1995), 
fsh (Reznick and Endler 1982), and mammals (Promislow 
and Harvey 1990)]. In contrast, we know little about how 
predators’ life history traits modulate their top–down efects. 
Nonetheless, given that life history traits infuence predator 
activity and behavior (e.g., variation in hunting behavior by 
sex and reproductive class; Young and McCabe 1997), there 
is reason to suspect that such traits can mediate top–down 
efects. In particular, life history strategies involving periods 
of prolonged inactivity, such as hibernation, could play a key 
role in the presence and nature of top–down efects because 
such efects would strongly vary across periods of predator 
activity and inactivity. 

Communities of terrestrial predators within the order 
Carnivora (hereafter carnivores) are often organized around 
dominance hierarchies in which subordinate species typi-
cally avoid ecologically similar, but larger-bodied and proxi-
mately dominant species (Levi and Wilmers 2012; Vanak 
et al. 2013). Such avoidance is often aimed at reducing com-
petition, which takes two general forms. Exploitative com-
petition occurs over shared but limited resources, including 
food and space, while interference competition includes 
agonistic interactions and aggression (Birch 1957; Schoener 
1983). In wide-ranging carnivores, interference competition 
is often driven by exploitative competition for limited space 
(Schoener 1983). Subordinate carnivores frequently mitigate 
this competition by avoiding dominant counterparts in space 
(Moll et al. 2018), time (Hayward and Slotow 2009), or both 
(Vanak et al. 2013). Such avoidance can result in cascading 
efects in communities with ≥ 3 species. For example, an 
apex carnivore might suppress a subordinate mesocarnivore, 
which could lead to a positive association with a third spe-
cies subordinate to the second (e.g., as seen in gray wolves 
(Canis lupus), coyotes (Canis latrans), and red foxes (Vulpes 
vulpes); Levi and Wilmers 2012). Simple patterns of alter-
nating direct and indirect efects, however, are complicated 
by habitat heterogeneity and prey availability (Vanak et al. 
2013; Sivy et al. 2017). Ecosystem productivity and sea-
sonality also play important roles in mediating cascading 

interference interactions among carnivores. For example, 
harsh conditions and less productive environmental contexts 
can intensify bottom–up efects and dampen mesopredator 
release dynamics (Elmhagen and Rushton 2007; Stoessel 
et al. 2019). Indeed, understanding the seasonality and inten-
sity of cascading efects of apex carnivores on mesocarni-
vore communities inhabiting heterogeneous environments 
remains a key challenge in carnivore community ecology 
(Linnell and Strand 2000; Ritchie et al. 2012). 

Black bears (Ursus americanus) are the most abundant 
apex carnivore in the world and one of the only large carni-
vore species with an expanding range and increasing popula-
tion trajectory (Ripple et al. 2014; Elbroch and Kusler 2018). 
Yet, few studies have investigated the efects black bears 
have on sympatric mesocarnivores (Litvaitis 1992; Ripple 
et al. 2014; Gompper et al. 2016). Importantly, black bears 
employ a life history strategy that entails hibernating in win-
ter and early spring. Therefore, the top–down efects of this 
apex carnivore should vary across an annual scale, thereby 
resulting in potentially complex patterns of mesocarnivore 
response across time periods. There is particularly strong 
potential for black bears to afect coyotes, another species 
that has expanded in number and distribution over the past 
half-century (Hody and Kays 2018). Black bears and coy-
otes share the traits of habitat and diet generalism, and thus 
likely compete over both resources and space for territories 
(Litvaitis 1992). In turn, coyotes are dominant over other 
mesocarnivores [i.e., bobcats (Lynx rufus), and red and gray 
foxes (Urocyon cinereoargenteus)] and can suppress their 
populations via interference competition and interspecifc 
killing (Henke and Bryant 1999; Fedriani et al. 2000). Such 
efects are expected to be most intense between canid species 
due to niche and taxonomic similarity (Birch 1957; Caroth-
ers and Jaksić 1984; Prugh and Sivy 2020). Thus, black 
bears might shape mesocarnivore community dynamics via 
efects on coyotes that cascade to other subordinate species, 
especially foxes. 

Here, we investigated the degree to which black bears can 
shape the spatio-temporal dynamics of three mesocarnivore 
species (coyotes, bobcats, and gray foxes) via cascading 
interspecifc competition. If black bears were driving meso-
carnivore dynamics via interference competition, we would 
expect strong top–down efects on these mesocarnivores that 
varied across periods of black bear activity and hiberna-
tion (Fedriani et al. 2000). For example, if mesocarnivore 
species were responding to black bears by shifting tempo-
ral activity patterns, we would expect species’ temporal 
activity overlap to change as a function of bear hibernation. 
Conversely, if exploitative competition over prey was most 
important, we would expect strong associations between 
mesocarnivore dynamics and prey availability across peri-
ods, with the dominant mesocarnivore species (coyotes) 
most strongly associated with prey availability. Finally, if 
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neither kinds of interspecifc competition were present, we 
would expect mesocarnivore dynamics to respond primarily 
to environmental variables (e.g., snow or habitat; Gompper 
et al. 2016). To assess these possibilities, we implemented a 
feld design in the western USA that combined data collected 
from a broad camera trapping grid with black bear GPS loca-
tions and analyzed these data using an integrated modeling 
approach. We acknowledge that this study is correlational in 
nature, and that the seasonal presence and absence of black 
bears is potentially confounded with other factors that vary 
seasonally. We have sought to control for the most impor-
tant of these potentially confounding factors and interpret 
our fndings in light of the correlational patterns observed 
and alternative mechanisms that might underlie our results. 
Overall, the unique apex predator life history trait of sea-
sonal hibernation facilitates an opportunity to study carni-
vore community dynamics and the results presented here 
suggest potential mechanisms that should be tested by more 
resource-intensive experimental approaches in the future 
(Estes 1995; Ritchie et al. 2012). 

Methods 

Study system and focal species 

We conducted research from May 2016 to April 2019 across 
a 15,000 km2 study area in Nevada, USA (Fig. 1). This area 
lies in the Great Basin of the western USA, which is an arid 
region with connected endorheic watersheds and several 

mountain ranges. The western portion of the study area 
included the Carson Range of the Sierra Nevada mountains, 
where the vegetation community is primarily composed of 
mixed conifer forest. The remaining portions of the study 
area consist of mixed desert shrub-scrublands with inter-
spersed agricultural and rangelands, as well as mixed conifer 
and pinyon-juniper woodlands (dominated by Pinus mono-
phylla and Juniperus osteosperma) that are more prominent 
within mountain ranges. 

We delineated two study periods, a bears active period in 
summer and early fall (May 22 to October 15), and a bears 
hibernating period in winter and early spring (December 
4 to April 1). This delineation was based upon previous 
research on black bear activity in the study area (Beckmann 
and Berger 2003) and was supported by our camera trap 
data, which featured 111 black bear detections across all 
sites during the bears active period compared to a single 
detection during the bears hibernating period. We omitted 
the mid-fall period (October 16 to December 3) because 
black bear activity during that time varies by factors not 
captured in our study design (e.g., individual bear charac-
teristics; Beckmann and Berger 2003). Snow was common 
during the bears hibernating period in mountainous por-
tions of the study area, while the bears active period was 
generally dry and hot (the mean temperature was 20.9 °C; 
National Climactic Data Center, https://www.ncdc.noaa.gov/ 
cdo-web/). 

Black bear populations have become re-established in the 
western and southeastern portions of the study area follow-
ing regional extirpation in the 1930s (Lackey et al. 2013; 

Fig. 1 A map of the study 
area. The right panel depicts 
May–October locations of GPS-
collared black bears (Ursus 
americanus; N = 22; blue cir-
cles) and camera traps (N = 100; 
white stars near the centroid 
of black 49 km2 grid squares) 
deployed in 2018 in western 
Nevada, USA. The left inset 
depicts an example of a core 
area (white polygon) envelop-
ing a camera trap site (red star). 
Note that only a representative 
subset of the ~ 17,000 black 
bear GPS locations are depicted 
for clarity. Basemap source: 
Esri, DigitalGlobe, GeoEye, 
Earthstar Geographics, CNES/
Airbus DS, USDA, USGS, 
AeroGRID, IGN, and the GIS 
User Community 

https://www.ncdc.noaa.gov/cdo-web/
https://www.ncdc.noaa.gov/cdo-web/
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Malaney et al. 2018). Lackey et al. (2013) estimated a total 
adult black bear population of 262 (± 31) in western Nevada 
and recent work has suggested continued population growth 
(Nevada Department of Wildlife unpublished data). In addi-
tion to mesocarnivores (coyotes, bobcats, and gray foxes), 
this ecosystem also supports cougars (Puma concolor). The 
densities of black bears and cougars vary across the study 
area and current research is ongoing to produce population-
level estimates. We focused on the efects of black bears on 
mesocarnivores rather than those of cougars because the lat-
ter species was present at much lower densities in the study 
area (P. Jackson, pers. comm.). 

Field methods 

Camera trapping 

We established camera trap sites (hereafter synonymous 
with sites; N = 100) using a grid design (Tobler and Powell 
2013). We established 49 km2 grid cells across the current 
estimated range of black bears in the study area (Beckmann 
2002; Lackey 2004; Malaney et al. 2018; Beckmann and 
Lackey 2018). This grid cell size was smaller than the lower 
bound of home ranges of black bears inhabiting the study 
area (Beckmann 2002). We placed a camera trap in the cen-
troid of each cell, with adjustments to accommodate site 
access (see Fig. 1 and Appendix A). Across sites, elevation 
ranged from 1219 to 2555 m (mean = 1761 m; sd = 322 m). 
The proportion of conifer and pinyon-juniper forest in 
5000 m bufers around sites also varied, ranging from 0 to 
0.74 (mean = 0.11; sd = 0.19) and 0 to 0.75 (mean = 0.17; 
sd = 0.19), respectively. 

At each site, we afxed a Bushnell Trophy Cam HD 
Aggressor to a tree or metal post ~ 50 cm of the ground. 
We used camera trap settings that optimized wildlife 
detectability while minimizing bias in occupancy mod-
eling (Lepard et al. 2019; Moll et al. 2018; Appendix A). 
We programmed cameras to capture three images whenever 
the passive infrared sensor was triggered and set the delay 
period after each trigger to 10 min (Lepard et al. 2019). We 
set the sensitivity of the passive infrared sensor to “Auto” 
and set the LED, which controls the infrared light used dur-
ing nighttime triggers, to “high” (see Appendix D for full 
details regarding camera settings and placement). Camera 
traps ran from May 2018 to April 2019 and we visited sites 
every 7–10 days from June to August 2018 to download 
data and apply attractant, which was a mixture of raspberry 
extract (Mother Murphy’s Laboratories, Inc., Greensboro, 
NC), fsh oil, anise extract (Minnesota Snareline Products, 
Pennock, MN), and Ultimate Bear Lure (Wildlife Research 
Center, Ramsey, MN). We used this attractant, which was 
implemented to attract black bears of both sexes, during a 
portion of the bears active period (i.e., June to August) as 

part of a concurrent black bear population estimation pro-
ject. We accounted for the potential efect of attractant in 
our modeling approach (see below). We also visited sites in 
December 2018 and May 2019 to download data. 

Black bear GPS‑tracking 

Between 2016 and 2018, we captured 26 adult black bears 
using methods described in Beckmann and Berger (2003). 
We performed all captures and handling according to 
Nevada Division of Wildlife protocols and American Soci-
ety of Mammalogists guidelines (Sikes 2016). We ftted 
individuals with either Globalstar or Iridium Vertex Plus 
GPS collars that attempted a locational fx every 3.5 h (Vec-
tronics Aerospace GmbH, Berlin, Germany). We restricted 
analysis to locations from May to October and omitted data 
from four bears because these individuals had less than one 
month of data (Seaman et al. 1999). We used location data 
from the 22 remaining black bears (11 males, 11 females) 
in subsequent analyses. 

Analysis 

Overview 

We analyzed mesocarnivores’ spatial activity (i.e., occu-
pancy and site visit frequency) via an integrated multi-
species occupancy model (hereafter integrated model) and 
temporal activity via nonparametric kernel analysis. The 
integrated model included: (i) a model of black bear occu-
pancy across camera trap sites, (ii) a model of black bear 
core home ranges (hereafter core areas, see below) that 
refned occupancy estimates at those sites, and (iii) a meso-
carnivore model that evaluated the efects of black bears, 
prey, and environmental covariates. 

Black bear occupancy 

We modeled black bear occupancy as 

∼ Bernoulli(Ψbear,i),Zbear,i 

where site i was occupied (i.e., used in a given period) by 
a black bear when Zbear,i equaled one and was unoccupied 
otherwise (MacKenzie et al. 2002). We modeled covariate 
efects on black bear occupancy probability (Ψbear,i) using a 
logit link function. These covariates included the proportion 
of conifer and pinyon-juniper forest around sites, as well 
as terrain ruggedness. We created these covariates, and all 
habitat covariates described below, using 30 m resolution 
data from the USDA/USDOI LANDFIRE 2014 database 
(https://www.landfre.gov/evt.php). We used a preliminary 
analysis to determine the spatial scale at which to represent 

https://www.landfire.gov/evt.php
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habitat covariates (see Appendix B). We modeled weekly 
detection–non-detection data from camera traps as 

∼ Bernoulli(Zbear,i × pbear,i,j),ybear,i,j˜Zbear,i 

where ybear,i,j was black bear detection–non-detection at site 
i in week j and p was the probability of black bear detection, 
given occupancy. We modeled covariate efects on detection 
probability using a logit link. These covariates included the 
presence or absence of attractant and a covariate indicating 
whether or not a black bear was previously detected at a site, 
which accounted for the tendency of bears to repeatedly visit 
sites within their home range (Long et al. 2011). 

Black bear core areas 

Next, we modeled whether a site was within a black bear’s 
core area, given occupancy. To identify black bear core 
areas, we created utilization distributions (UDs) for each 
black bear in each year using a fxed kernel and reference 
bandwidth smoothing parameter that assumed bivariate nor-
mality (Worton 1989; Kernohan et al. 2001). Using these 
UDs, we calculated isopleths in increments of fve, and 
assumed that the 95% isopleth represented the extent of the 
black bear’s home range (Vander Wal and Rodgers 2012). 
We then plotted the percent of home range area at each iso-
pleth against its cumulative UD volume and ft a non-linear 
exponential model to these data. Finally, we delineated core 
areas by identifying the isopleth at which the slope of this 
exponential model equaled one. This isopleth indicated the 
point at which a black bear’s time spent inside its core area 
was maximized compared to time spent outside of it (Vander 
Wal and Rodgers 2012). We then categorized each black 
bear location as either falling inside or outside its core area 
and used these binary data as a response variable in a mixed 
efects logistic regression model. This model’s covariates 
were based upon a previously validated model for black 
bear resource selection in this region (see Johnson et al. 
2015). Covariates included aspect (in nine classes, follow-
ing Johnson et al. 2015), elevation (modeled as a quadratic 
efect), terrain ruggedness, proportion conifer forest, propor-
tion shrub, and distance to nearest highway. We calculated 
the proportion-based covariates (conifer and shrub) using a 
nine-pixel window (i.e., 90 × 90 m) around each location. 
The model included a random intercept for each black bear 
in each year to account for repeated measurements of indi-
viduals. Thus, the fnal model took the form 

∼ Bernoulli(Ωi),ybear_core,k 

where ybear_core,k was the binary core–non-core data at each 
location k and Ωk was the probability that the kth loca-
tion fell within a core area. We modeled covariate efects 
on Ωk using a logit link. Finally, we multiplied black bear 

occupancy (Zbear,i) by another latent variable, COREi, which 
was generated from this black bear core area model (see 
model code in Appendix C). COREi equaled one if site i 
was predicted to fall inside a core area and zero otherwise. 
We propagated uncertainty regarding COREi predictions by 
embedding the model’s parameter estimates and their uncer-
tainty within the integrated model (Kéry and Royle 2015). 

Mesocarnivore occupancy and site visit frequency 

The mesocarnivore model had the same form as the black 
bear occupancy model, except we used weekly counts of 
detections (hereafter site visit frequency) instead of binary 
detection–non-detections. This approach still accounts for 
imperfect detection by estimating site occupancy probabil-
ity even when zero site visits are recorded (see Moll et al. 
2018). We modeled site visit frequency using a mixed 
Poisson-Gamma distribution that was fexible to overdis-
persion (i.e., variance larger than the mean; Greene 2008). 
This portion of the model took the form 

yi,j,m˜Zi,j ∼ Poisson(Zi,j × ˜i,j,m × ° i,j,m), 

where yi,j,m was the number of visits made to site i during 
week j by species m, λ was the expected number of visits, 
and ρ was a random variable with a one parameter gamma 
distribution. We modeled covariate efects on mesocarnivore 
occupancy using a logit link and on site visit frequency using 
a log link. For both the occupancy and site visit frequency 
submodels, we included the black bear core area covariate 
described above. We also included prey and environmen-
tal covariates (habitat, attractant, and snow). Inclusion of 
these covariates was essential for evaluating the strength of 
black bear efects relative to other factors. The prey covariate 
quantifed prey species detections at a given site divided by 
the number of days the camera trap at that site was opera-
tional. This covariate included prey species previously 
shown to be associated with mesocarnivore space use (Neale 
and Sacks 2001), including black-tailed jackrabbit (Lepus 
californicus), desert cottontail (Sylvilagus audubonii), and 
all squirrels and chipmunks, which were impossible to con-
sistently identify to species in camera trap images. Habitat 
covariates included the proportion of pinyon-juniper forest 
and terrain ruggedness around sites. As with the black bear 
occupancy model, we determined covariate spatial scales in 
a preliminary modeling step (Appendix B). For site visit fre-
quency, we included covariates for attractant and snow. We 
created the snow covariate by calculating the mean weekly 
snow depth at each site using data from the National Snow 
and Ice Data Center (NOHRSC 2004). 
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Model analysis, selection, and assessment 

We analyzed models in a Bayesian framework via Markov 
Chain Monte Carlo (MCMC) simulation using R version 
3.5.2 in RStudio version 1.1.463 (RStudio Team 2015) 
and the JAGS language (Plummer 2003) using the package 
R2jags (Su and Yajima 2012). We ran three MCMC chains 
of 20,000 iterations each following a burn-in of 5000 and 
used non-informative priors for all parameters. We assessed 
model convergence by inspecting posterior traceplots and 
ensuring R-hat statistics were < 1.1 (Gelman and Hill 2007). 
In the integrated models, we used Bayesian indicator vari-
ables for model selection (Kuo and Mallick 1998). Indicator 
variables were Bernoulli-distributed with a prior probability 
of 0.5, and their posterior indicated the probability that a 
given covariate was included in the best model out of all pos-
sible combinations (Royle and Dorazio 2008). We model-
averaged covariates by calculating the posterior of each 
parameter when its associated indicator variable was equal 
to one in the MCMC history (Royle and Dorazio 2008). For 
model assessment, we calculated Bayesian p values using 
posterior predictive checks (Gelman et al. 2004). Finally, 
we checked for spatial autocorrelation in model residuals 
by inspecting spline correlograms using the package ncf 
(Bjørnstad 2008). 

Activity patterns 

We also analyzed mesocarnivores’ temporal activity to 
investigate the possibility that patterns of mesocarnivore 
temporal activity would difer as a function of black bear 
core areas during the bear’s active period but not during the 
bear’s hibernating period. 

We used nonparametric univariate kernel density esti-
mates to quantify mesocarnivore temporal activity based 
upon the time of day recorded in camera trap detections. 
We frst used the R package activity to adjust time 
of day data to refect “solar time” (relative to sunset and 
sunrise) rather than “clock time” (time of day), given that 
wildlife typically respond to solar cycles (Nouvellet et al. 
2012; Rowclife 2019). We enforced a 30-min independ-
ence window between successive detections of the same spe-
cies at a given site to avoid pseudoreplication (Moll et al. 
2018). We then categorized sites as falling inside or outside 
black bear core areas by applying a k-means algorithm to 
the posterior mean of the core area covariate described in 
the integrated model above (Hartigan and Wong 1979). This 
algorithm delineated 20 sites as falling inside core areas and 
80 falling outside them, and this categorization explained 
97.3% of the variance. Using these categories, we quantifed 
the degree to which each mesocarnivores species’ temporal 
activity patterns inside and outside core areas overlapped 
by calculating a coefcient for the paired density estimates 

that ranged from 0 (pattern inside core areas completely dif-
ferent than those outside) to 1 (patterns inside and outside 
core areas identical) for each period. We used bootstrapping 
to estimate uncertainty in these overlap coefcients (Ridout 
and Linkie 2009). 

Results 

Between 2016 and 2018, we recorded 16,679 locations 
from 22 black bears (mean = 538.0 locations/bear/year; 
sd = 334.1). Of these, 12,638 (75.8%) fell inside black bear 
core areas. These core areas comprised the area within 
the 54.6% to 69.0% isopleths of the black bears’ home 
ranges (median = 58.8%, mean = 59.3%). These core areas 
exhibited a right-skewed distribution (median = 14.5 km2, 
mean = 132.0 km2, range = 1.1–999.1 km2). During 22,386 
camera trap nights, we recorded 1107 detections of our 
focal carnivores (Nblackbear =112, Nbobcat =140, Ncoyote = 469, 
and Ngrayfox = 386), and 10,479 detections of prey 
(Njackrabbit = 7811, Ncottontail = 1198, Nsquirrel/chipmunk = 1470). 

Bayesian p values for integrated models indicated good 
ft for all species (range 0.49–0.84; Appendix D). Spline 
correlograms likewise indicated little to no spatial auto-
correlation in model residuals (Appendix D). Out of 100 
sites, the model estimated that black bears occupied 29.9 
(sd = 3.4), bobcats occupied 54.6 (sd = 5.9), coyotes occu-
pied 75.7 (sd = 3.5), and gray foxes occupied 32.6 (sd= 2.2) 
during the bears active period. The model estimated that 
bobcats occupied 67.0 sites (sd = 14.6), coyotes occupied 
73.0 (sd = 4.7), and gray foxes occupied 29.1 (sd = 3.6) dur-
ing the bears hibernating period. 

Black bear occupancy was positively associated with 
conifer forest (posterior mean = 3.63) and pinyon-juniper 
forest (posterior mean=0.40), and unassociated with terrain 
ruggedness (Appendix D). Black bear detection probability 
increased when attractant was present and when bears had 
been previously detected at a site (Appendix D). Black bear 
core areas were associated with less rugged sites at moderate 
elevations located far from roads and surrounded by lower 
proportions of shrub habitat (Appendix D). 

During the bears active period, only gray foxes were 
infuenced by black bears (Figs. 2, 3). During that period, 
gray fox occupancy probability was lower inside core areas 
(0.15; 95% CI 0.02, 0.42) than outside them (0.29; 95% CI 
0.13, 0.50; Fig. 3). In contrast, gray fox visit frequency dur-
ing the bears active period was more than fve times higher 
inside core areas (0.46 visits/week; 95% CI 0.36, 0.55) than 
outside them (0.09 visits/week; 95% CI 0.06, 0.13; Fig. 3). 
During the bears hibernating period, bobcat and gray fox 
occupancy probabilities were higher inside black bear core 
areas (0.85 and 0.65, respectively) than outside them (0.61 
and 0.19, respectively; Fig. 3). Bobcat site visit frequency 

https://mean=0.40
https://0.49�0.84
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during this period was over three times higher in black bear 
core areas (0.07 visits/week; 95% CI 0.04, 0.12) than outside 
them (0.02 visits/week; 95% CI 0.01, 0.05; Fig. 3). Similarly, 
during the bears hibernating period, coyote site visit fre-
quency was three times higher inside black bear core areas 
(0.33 visits/week; 95% CI 0.27, 0.40) than outside them 
(0.11 visits/week; 95% CI 0.08, 0.14; Fig. 3). Conversely, 
during this period, gray fox visit frequency inside core areas 
(0.08 visits/week; 95% CI 0.04, 0.13) was half that outside 
them (0.19 visits/week; 95% CI 0.13, 0.27; Fig. 3). 

In contrast, all prey and most environmental covariates 
had weak associations with mesocarnivore occupancy and 
site visit frequency, as indicated by inclusion probabilities 
of<0.5 and 95% credible intervals (CIs) that overlapped zero 
(Fig. 2; Appendix D). Exceptions included pinyon-juniper for-
est, which had a strong positive association with mesocarni-
vore occupancy for all species during the bears active period 
(Fig. 3, Appendix D). This association was absent for coyotes 
and gray foxes and reversed its sign for bobcats during the 
bears hibernating period (Fig. 2, Appendix D). Terrain rug-
gedness also had a positive association with bobcat and gray 
fox occupancy during the bears active period and a negative 
association with coyote occupancy during the bears hiber-
nating period (Fig. 2, Appendix D). Site visit frequency was 

positively associated with pinyon-juniper forest for bobcats 
during the bears active period and with terrain ruggedness for 
gray foxes in both periods (Fig. 2; Appendix D). Snow depth 
had a positive association with gray fox site visit frequency 
(Appendix D). 

Gray foxes were highly nocturnal across periods (Fig. 4). 
Black bears, bobcats, and coyotes exhibited crepuscular peaks 
in temporal activity during the bears active period (Fig. 4). 
This pattern persisted for coyotes during the bears hibernating 
period while bobcats became more nocturnal (Fig. 4). Dur-
ing the bears active period, temporal activity patterns of all 
mesocarnivores were similar inside and outside black bear core 
areas, with overlap ranging from 0.85 to 0.88 (Fig. 4). During 
the bears hibernating period, overlap values inside and outside 
core areas for these mesocarnivores mirrored those during the 
bears active period, ranging from 0.82 to 0.90 while exhibiting 
uncertainty that was comparable to the bears active estimates 
(Fig. 4). 

Fig. 2 Posterior means (circles) 
and 95% credible intervals 
(lines) of parameters from 
an occupancy and site visit
frequency model ft to data 
collected from 100 camera 
traps deployed in 2018–2019 
in western Nevada, USA. The 
color depicts period (bears 
active: May–October; bears 
hibernating: December–April) 
and the line width indicates the 
value of inclusion parameters, 
which quantify the probability 
that a given covariate is in the 
best model. The bear covari-
ate indicates the efect of being 
within a black bear core area, 
while the prey covariate quanti-
fes the efect of prey (rodent 
and lagomorph) availability 
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Discussion 

Recent research has demonstrated that apex predators can 
strongly afect mesopredators, with cascading implications 
for ecosystem structure and function (Ritchie and Johnson 
2009; Ferretti et al. 2010; Ritchie et al. 2012; Ripple et al. 
2014). Nonetheless, little is known about the role that life 
history traits such as hibernation play in mediating these 
efects (cf. Polis et al. 1996) and studies examining changes 
across summer and winter are especially needed to clar-
ify seasonal community dynamics (Stoessel et al. 2019). 
These factors make understanding the complex dynamics 
of top–down efects in space and time, and how they com-
pare to bottom–up and environmental factors, a considerable 
challenge (Linnell and Strand 2000; Stoessel et al. 2019). We 
found that spatio-temporal mesocarnivore dynamics were 
infuenced by an apex carnivore, the black bear, and varied 
according to this species’ life history strategy of hibernating 
in winter and early spring. Further, these top–down efects 
were stronger than those associated with bottom–up factors 

or environmental variables (Fig. 2; Appendix D). Although 
correlative in nature, our results suggest mesocarnivores 
responded to variation in interference competition with black 
bears by altering spatial activity over seasonal time scales 
rather than temporal activity over daily time scales (Figs. 2, 
4). Such interference competition appeared to be a stronger 
proximal driving force than exploitative competition for prey 
(given prey availability’s lack of efect on all species; Fig. 2). 
These results are consistent with a mechanism of cascading 
interference competition among black bears, coyotes, and 
gray foxes that was mediated by black bear hibernation. 

Competition between black bears and coyotes is poten-
tially widespread due shared characteristics, including habi-
tat generalism, broad dietary niches, and overlapping ranges 
(Birch 1957; Litvaitis 1992; Ripple et al. 2014; Hody and 
Kays 2018). Nonetheless, studies of interactions between 
these species are rare (cf. Gompper et al. 2016; Litvaitis 
1992). We found a lack of black bear efects on coyotes 
when bears were active (Fig. 2). This fnding is similar to 
that reported in the eastern USA (Gompper et al. 2016). 

Fig. 3 Predicted mesocarnivore 
occurrence probability and site 
visit frequency at locations 
inside (red) and outside (blue) 
black bear (Ursus americanus)
core areas. Circles are mean 
predictions and lines are 95% 
credible intervals from a model 
ft to data collected from 100 
camera traps deployed from 
May 2018 to April 2019 in 
western Nevada, USA. The 
color depicts period (bears 
active: May–October; bears 
hibernating: December–April) 
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However, when black bears were hibernating, coyote site 
visits to black bear core areas were three times higher than 
those outside such areas (Figs. 2; 3; Appendix D). Given 
that numerous factors vary across seasons, it is possible that 
other, non-bear related factors could explain such a pattern. 
In our system, the most important of these factors are prey 
availability, habitat, and snow depth, but all of these were 
controlled for in the model. Thus, our results are consistent 
with the hypothesis that seasonal interference competition 
with black bears was an important driver of carnivore com-
munity dynamics in this system, while acknowledging the 
limitations of our correlative study design (Blanchet et al. 
2020). Black bears had a concomitant, opposing efect on 
gray fox site visit frequency, with a strong positive associa-
tion in the bears active period inverting to become strongly 
negative during the bears hibernating period, during which 
coyotes visited black bear core areas frequently (Figs. 2, 3; 
Appendix D). Taken in context with other studies showing 
spatial partitioning between coyotes and gray foxes (e.g., 
Atwood et  al. 2011), this pattern suggests a seasonally 
contingent predator cascade where black bear hibernation 

released coyotes to use areas that were previously risk-pro-
hibitive, while gray foxes reduced visit frequencies in such 
areas to avoid coyotes (cf. Levi and Wilmers 2012; Sivy 
et al. 2017). Gray foxes’ increased visitation of black bear 
core areas in summer could plausibly be related to increased 
scavenging opportunities of black bear kills. This, coupled 
with a reduced tolerance of black bears for coyote scaveng-
ing, could partially explain the pattern of gray fox and coyote 
summer visitation rates to black bear core areas. A positive 
spatial attraction of mesocarnivores to apex predators due to 
increased scavenging opportunity has been recently observed 
in another North American system (Sivy et al. 2017), thus 
this plausible but speculative explanation deserves future 
research efort. Bobcats were less responsive to black bears, 
and, like coyotes, increased site visit frequency in black bear 
core areas during the bears hibernating period (Fig. 3). Coy-
otes can suppress bobcats (Henke and Bryant 1999), thus 
a lack of this efect in our system suggests reduced com-
petition between the species due to bobcats’ dietary spe-
cialization or lower abundance (bobcats were detected ~ 3 
times less than coyotes; Fig. 3). A potential explanation for 

Fig. 4    Temporal activity patterns of mesocarnivores captured on 
camera traps inside (red; N  =  20 sites) and outside (blue; N  = 80  sites) 
black bear (Ursus americanus) core areas during periods where bears 
were active (May–October 2018) or hibernating (December 2018– 

April 2019) in western Nevada, USA. Values indicate the proportion 
of activity overlap inside vs. outside black bear core areas for each 
mesocarnivore species (gray shaded regions), with 95% bootstrapped 
confdence intervals in parentheses 
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increased coyote and bobcat visitation to black bear core 
areas in winter is that these areas, which tended to be located 
in coniferous forest (Table D2), might have aforded greater 
cover from harsh winter conditions. 

Nuance is required in interpreting occupancy and site 
visit frequency. Occupancy indicates that a site was used 
at least once in a period, while site visit frequency meas-
ures the intensity of visits at occupied sites. The overall 
efects of black bears on mesocarnivores were more evident 
in site visit frequency than occupancy (Fig. 2; Appendix 
D). Indeed, spatial patterns of occupancy might represent 
an overly coarse metric for inferring species interactions 
(Blanchet et al. 2020). Interestingly, gray fox occupancy was 
higher in black bear core areas when bears were hibernating 
than outside them, whereas site visit frequencies exhibited 
an opposing pattern (Fig. 3). This implies that gray foxes did 
not vacate black bear core areas altogether during hiberna-
tion, but rather appeared to “spread out” among such areas 
by visiting them infrequently. Further, gray foxes’ site visit 
frequency during the bears hibernating period increased in 
more rugged areas with deeper snowfall (Fig. 2). Such areas 
would have reduced rodent prey availability (Halpin and Bis-
sonette 1988) and might have been more energetically costly 
to inhabit (e.g., due to difculty moving through snow or 
on steep slopes). Hence, risk of interference with coyotes 
might lead gray foxes to use suboptimal areas in much the 
same way that predation risk from large carnivores drives 
ungulates into safer but less productive habitat (Caro 2005). 
Ideally, future studies would combine camera trapping and 
GPS data with small rodent trapping to examine these alter-
native hypotheses. 

The time during which species are active is an important 
niche axis that can facilitate spatial coexistence when par-
titioned among competitors (Macarthur and Levins 1967; 
Carothers and Jaksić 1984). Such temporal partitioning has 
been found in competing carnivores (Fedriani et al. 2000; 
Hayward and Slotow 2009) but was absent here (Fig. 4). 
This result could have been partly due to the nocturnal 
nature of the prey species hunted by the mesocarnivores in 
our system (i.e., lagomorphs and rodents; Neale and Sacks 
2001). Notably, coyote and black bear activity peaked at 
sunrise and sunset and were similar when both species were 
active, even within black bear core areas (Fig. 4). This simi-
larity further emphasizes that the dynamics of these species 
tended to be characterized by variation in spatial activity 
over annual scales rather than temporal activity over daily 
scales (Figs. 3, 4). More broadly, temporal niche partition-
ing in terrestrial mammals is an area of active research, 
and there remains a critical need for additional studies that 
address how biotic and abiotic factors shape such partition-
ing (Frey et al. 2017). 

As apex carnivore populations have declined over the 
last century, mesocarnivores have been released in many 

areas, which has led to a variety of cascading outcomes on 
ecosystems (Ritchie and Johnson 2009; Ripple et al. 2014). 
However, some apex carnivores are being reintroduced or 
are naturally recolonizing areas from which they were 
extirpated. Here, we showed how one such species, the 
black bear, might shape sympatric mesocarnivore space 
use across a broad region of recolonization (Malaney et al. 
2018), with potentially strong but unknown implications 
for lower trophic levels (e.g., rodent population dynam-
ics; Levi et al. 2012) and ecosystem function (e.g., seed 
dispersal; Enders and Vander Wall 2012). Black bears’ life 
history strategy of hibernation implies that this long-lived 
species likely moderates coexistence of sympatric meso-
carnivore communities via activity that varies across the 
annual scale. Thus, changes in black bear hibernation trig-
gered by climate change and urbanization (e.g., reduced 
hibernation durations; Beckmann and Berger 2003) have 
the potential to disrupt community dynamics via alteration 
of top–down regulation of interference competition. More 
broadly, this study highlights how a rarely considered fac-
tor—the life history traits of apex predators—can play an 
important role in mediating top–down efects. While some 
studies have examined how apex predator hunting behav-
ior changes according to life history traits (e.g., Young 
and McCabe 1997), our results highlight a research need 
regarding the role such traits play in nonlethal top–down 
efects. Finally, several multi-year and long-term studies 
in northern Europe have found that the top–down efects 
of apex predators intensify with increasing productivity, 
while bottom–up factors become more limiting in less pro-
ductive environments and during winter (Elmhagen and 
Rushton 2007; Elmhagen et al. 2010; Stoessel et al. 2019). 
In our study system, black bears primarily occupied higher 
elevation areas with greater vegetative productivity than 
the more arid, shrub-scrub areas at lower elevations. Thus, 
our results are consistent with the general prediction that 
top–down efects become more limiting as productivity 
increases, even if we were not able to test this hypothesis 
fully due to the relative paucity of black bear activity in 
desert lowlands. 

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-04927-6. 
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