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Carnivores act as top-down regulators in terrestrial ecosstems, and their occurrence
and relative abundance is a result of complex interactions diween food and habitat
availability, human pressure (e.g., trapping, hunting, ealkill), and intraguild interactions
(competition, predation). Eastern United States has a longpistory of human impact,
which resulted in an altered carnivore community. Specicly, Ohio presents an
interesting case for evaluating the relative roles of intgpeci ¢ relations and habitat
characteristics for shaping the carnivore community, as st carnivore community has
a unique dynamics and composition: invasive coyote and redok (Vulpes vulpeg,
and native bobcat (ynx rufug, currently recovering and expanding its range, gray
fox (Urocyon cinereoargenteu$ declining at a fast pace, and the generalist raccoon
(Procyon lotor) and Virginian opossum Didelphis virginiang We used 50 camera
traps to collect presence/absence data in southeastern Oln, USA. We hypothesized
potential interactions between the six carnivores, and usk land cover variables, as
well as occupancy probabilities of interacting species, tgparameterize to single-species
occupancy models. We found that landscape composition at tihee different scales (500
and 1000 m buffer around camera locations, and 3 3 km grid cell) had little effect
on species occurrence. We identi ed strong negative interpeci c relations between
carnivores, with bobcat occurrence being in uenced by pregnce of coyotes, red
fox occurrence by gray foxes, and raccoon occurrence by Vingia possums. While
these ndings cannot discriminate between habitat partibning (spatial or temporal)
and competition (direct or interference), they lend suppoérto complex dynamics
between invasive coyotes and red foxes and recovering (bolat) and declining (gray
fox) native carnivore species. In particular, the negativeelation between the apex
predator in our system,C. latrans, and L. rufus, raise further questions on whether direct
competition from coyotes has the potential to slow bobcat pgulation recovery. In the
context of regulated trapping (ongoing for gray fox and potstial season for bobcat),
a better understanding of the carnivore intraguild relatits can inform management
and conservation actions targeted at minimizing the impacbf competition on at-risk
native species from non-native species.

Keywords: carnivores, habitat relationships, interspeci c relations, US Midwest, invasive species, native species ,

management, conservation
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INTRODUCTION their ecological rolel(iberg et al., 2012; Ordiz et al., 2)1As
such, there is a critical need to understand such interactio
Biodiversity is declining at a rapid pace in the new Anthropaeen in human-dominated landscapes that harbor viable carnivore
epoch, and Earth is witnessing a sixth mass extinctioak@llos populations, and witness carnivore recoveries.
et al.,, 201p Defaunation, loss of wildlife from both pristine ~ One such region, where carnivore intraguild relations can
and disturbed landscapes, is a widespread global phenomenshed light on the potential for species recoveries and deciines
(Dirzo et al., 201) and signi cant e orts and nancial resources Ohio. The carnivore species in Ohio are at the focus of intensi
are put into recovery and restoration measures. Speci callypanagement e orts through regulated trapping and hunting
many of the world's terrestrial carnivores are decliningda (wildlife.ohiodnr.goy This jurisdiction is witnessing both current
the reduction in abundance or the local extinction of keydeclines and recoveries of its terrestrial carnivore sgechs
carnivore species can have devastating ecosystem leves$ e datvestigating intraguild relations can answer critical digss
(Ripple et al., 2004 Carnivores are important top-down about the relative importance of habitat and interspecic
regulators of ecological communities, and changes in abond  relations in uencing the recovery and decline rates. Over a
or occurrence of apex predators may trigger trophic cascadegntury ago, several carnivore species have been extirpated
(Levi and Wilmers, 2012; Ripple and Beschta, 2012; Colmdrom Ohio, including black bearsUrsus americanijs wolves
et al.,, 201}t As such, the recovery of apex predators as &Canis lupuy shers (Pekania pennanti and bobcats L{ynx
conservation tool to restore ecosystem functions requives  rufus). Bobcats disappeared from the state in the mid-Nineteenth
only an understanding of their direct ecological functiofdep-  century, but they have been reclaiming their former range in
down control, mesocarnivore suppression), but also addngssi Ohio in the last 4-5 decades; bobcats have established-a self
the broader ecological community context, climate cormfi§, sustaining population from founder animals originating from
and sources of anthropogenic impact that shape terrestridNMest Virginia, Kentucky, and Pennsylvaniar(derson et al.,
landscapesHImhagen and Rushton, 2007; Ritchie and Johnsor2015. At the same time, another native species, the gray fox
2009. (Urocyon cinereoargentgusas been declining in Ohio in recent
In this context, community ecology approaches are e ectiveyears, likely due to disease (S. Prange, pers. comm.). Tveo oth
for understanding the ecological impacts of loss or recowdry common cosmopolitan mesocarnivores, the Virginian possum
apex predators, and help guide conservation actidnisapron  (Didelphis virginiana and raccoon Procyon lotor have large
and Lopez-Bao, 20).6While the recovery of apex predators populations in Ohio. In addition, two non-native carnivore
sometimes require intact landscapes, devoid of human impaspecies, the coyote&énis latrany and red fox Yulpes vulpgs
(Gilroy et al., 201} the spectacular comeback of apex predatorkave viable populations in Ohio (although there is evidencé tha
in Europe shows that carnivores can thrive in highly-modi ed the red fox population is declining), and their impacts on native
landscapes, and e ectively coexist with huma@$épron et al., declining species (i.e., gray fox) and recovering (i.e.chts) is
2014; Lopez-Bao et al., 2015; Chapron and Lopez-Bao).2018nknown. As such, given this complex situation, understagdi
Thus, to be e ective, community ecology approaches (e.gthe structure and functioning of the predator guild can infor
trophic relations, interspeci c interactions) must be expadd decisions for the wildlife management and conservation.
to integrate the human factoi(orresteijn et al., 2015; Chapron  Data on terrestrial carnivore species is often hard to cgllec
and Lopez-Bao, 20)6The recovery of predators after decadeshecause of their cryptic behavioPfenninger and Schwenk,
or centuries of absence also raise critical questions athmit  2007. Non-invasive methods such as scat collection, track glate
impacts on the existing, depauperate carnivore guild, largelgamera traps, and snow tracks have been used to evaluate
dominated by mesopredatorEinhagen and Rushton, 2007; carnivore occurrence and abundance. Baited camera traps
Cervinka et al., 2001 are a relatively cost-e ective method for collecting caore
Terrestrial carnivore guilds are structured by di erentigdace  data, but in our system, the photo recordings do not yield
use and habitat relations, as well as by strong interspeci idividually identi able animals; thus, all inferences rely o
exploitative and interference relationsiinell and Strand, 2000; unmarked individuals. Baiting with speci ¢ or general atttact
Pasanen-Mortensen et al., 2013; Gompper et al., )20tese lures increases visitation rates at the trap site, whicheiases
forms of competition may be elucidated by examining habitathe number of animals and species identi ed at a given site
partitioning both spatially and temporallyschuette et al., 2013 (Gompper et al., 2006 Presence/absence of species inferred
In addition, interspecic killing can also be seen betweenfrom camera trap data lends itself to data analyses including
many carnivores, and is a form of interference competitionunderstanding the relations between co-occurring species
(Palomares et al., 1999; Arim and Marquet, 20@bnceptually, (Sollmann et al., 20)3predicting wildlife-habitat relationships,
understanding the impacts of carnivore recovery through avaluating anthropogenic e ects on animal distribution and
trophic ecology lens has been cast as “trophic rewildingpopulation size Cove et al., 20)2and evaluating community
(Svenning et al., 20),6as a more concrete way to evaluate thecomposition Gchuette et al., 20).3
responses of resident species and ecosystems. However, ther@he goal of this study is to understand the composition and
are signi cant gaps in our understanding of whether restgrin distribution of the carnivore community in southeastern oh
predators is su cient to trigger trophic cascadesléwsome and the relative importance of habitat and intraguild intetians
and Ripple, 2015 and whether human impacts (e.g., hunting, for shaping the carnivore community. Specically, we are
poaching) can hinder these conservation e orts by in uencingevaluating the relative contribution of habitat charactécs at
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multiple spatial scales and the strength of intraguild relasio camera placement, with one camera to be placed per grid cell
for determining patterns of carnivore occurrence in soutsiean  (Figures 1, 2). The 2 2km grid was chosen because it allowed
Ohio. For this, we used a camera trap array to gathethe cameras to be placed far enough away from each other to
presence/absence data to inform single-season, singleesspecieduce the potential of overlapping data, but close enough tie eac
occupancy models MacKenzie et al., 20p2for individual  other to be easily accessible. We placed a total of 50 campsa tra
carnivore species. We rst estimated probabilities of ocenoe  (Moultrie M-999i, PRADCO Outdoor Brands, Calera AL), and
for a given species based on habitat d&®ast-hocwe included the location of each camera within a given grid cell was based
probability of occupancy for co-occurring species as a coteariaon ease of access; we attempted to place cameras as close to the
in models for individual species to understand interspeci ccenter of the grid cell as possible, equidistant to other casieve
relations based on hypothesized and known species interectiodid not place cameras along roads or trails. Cameras wereesgcur
and ecology Gompper et al., 20)6For example, the occupancy to trees 1 m above ground, facing another tree, 2—4 m away, on
of D. virginianais not likely to have an e ect on the occupancy which we rubbed an attractant lure (Caven's Gusto, Minnesota
of C. latrans and thereforeD. virginiana occupancy was not Trapline Products Inc., Pennock, MN) This baiting method has
included in the model set fo€. latrans(Gompper et al., 2006  been used to camera trap carnivores successfully by seteeal

We hypothesized that there is (1) a negative e ect of coyotestudies (Gompper et al., 2006; Popescu et al., J0Cameras
(the apex predator in our system) on all other carnivore speciesvere checked every 10-14 days to download the pictures, eeplac
especially bobcats (i.€hornton et al., 2004; Gehrt and Prange, the batteries, and refresh the lure.

2007, (2) a negative e ect of gray foxes on red foxes aie- We collected habitat data at four di erent scales: 10 m radius
versaand (3) no e ect of raccoons and Virginia possums on anyaround the camera, 500 m radius around the camera, 1,000 m
of the other members of the carnivore guild. We were speciycal radius around the camera, and within the 22 km grid cell. At
interested on the e ects of non-native species (coyote and rethe 10 m scale, we measured slope, exposure, number of trees,
fox) on the recovering native bobcat, and the declining veati percent canopy cover, dominant tree species, percent mature
gray fox. Thus, we e ectively evaluated the relative impoctan trees, percent saplings, percent shrubs, percent herbaceous
of interspeci c relations and habitat data in shaping the @ant  species, percent rocky outcrop, and average tree circumferenc
carnivore community, and we focused on the interplay betweefSupplementary Material). We also extracted data such as
native and non-native species, especially in the context afistance to nearest roads. For the broader spatial scal€sr(50
current bobcat recovery and gray fox declines in Ohio. Théu er, 1,000 m bu er, and grid cell), data was extracted from the
information provided by our work has the potential to informeéh  National Land Cover Database 2011 (Supplementary Material;
management and conservation of terrestrial carnivoresimo® Homer et al., 2004 using Geographic Information Systems.
by providing baseline ecological data for management dewsi Variables examined at each scale included percent agrieyltur
that ensure population viability, as well as identifying speci urban development, forest, and shrub cover (Supplementary
interactions and habitat relations between native and mative  Material).

carnivores.
Data Analysis
MATERIALS & METHODS We implemented single-season occupancy modelscKenzie
et al., 200 to predict occurrence of individual species using
Study Site packageinmarkedFiske and Chandler, 20}ih program R 3.4.1

Our camera sites were contained within the Athens portion(R Core Team, 20)7We rst divided the study period in 5

of the Wayne National Forest and Zaleski State Forests isampling windows to create histories of detection/non-detec
southeastern Ohio. The Wayne National Forest was estalishfor each species at each cameras trap location; we did not take
in 1934 by a special law passed in the state that allowed thiee number of images or number of returns to a camera trap
federal government to purchase land for the creation of aomati  locations within a given sampling window into consideration,
forest. As early American settlers began to move west of thend presence was recorded if a species was detected at least
Appalachians and began to settle in Ohio, the land was heavilynce at a camera. The sampling windows werE) days each,
logged, mined, and farmed. It was reforested by the Civiliaimmatching the camera revisit schedule, a common practice in
Conservation Corps (CCC) under President Franklin Delanacamera trap studiesB(rton et al., 201)f; as such, each camera
Rooseveltyww.fs.fed.)sZaleski State forest is the state's secontiad slightly di erent sampling periods, but we included time of
largest owned forest and was established in 1928. The lasd wgear (Julian Day) and number of days cameras were functioning
reforested after having been heavily mined and logderkétry. (controlling for short periods when cameras were not active;
ohiodnr.goy. While both forests are relatively young, they havee.g., cameras out of battery or stolen) as covariates forefimayl
established communities of previously extirpated specie,asi  detection probabilities to account for such discrepancies.algo

L. rufus used precipitation over each of the sampling windows, as well as
) time of day as covariates for detection (data collected fthen
Data Collection Athens OH weather station).

Data collection began mid-May 2016 and ended on July 27, 2016. We rst build detection models using a full model for
Our rst step was to place a 2 2km grid over the study area occupancy in order to identify the best predictors for detewoti
in ArcGIS (ESRI, Redlands CA) to identify potential sites folWe then used the covariates collected at the four dierent
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A Bobcat (Lynx rufus)

@® Camera traps
| Public lands

Occurrence hotspots

(Getis Gi)

I cold Spot - 99% Confidence

[ Cold Spot - 95% Confidence

| Cold Spot - 90% Confidence
Not Significant

| Hot Spot - 90% Confidence

[0 Hot Spot - 95% Confidence

I Hot Spot - 99% Confidence

8 4 0 Kilometers

¢ Gray fox (Urocyon cinereoargenteus)

s Coyote (Canis latrans)

p Red fox (Vulpes vulpes)

FIGURE 1 | Hotspots of occurrence of two native predators, bobcat(A) and gray fox(C), and two non-native predators, coyote(B), and red fox (D) in the Wayne
National Forest (Athens Unit) and Zaleski State Forest in SBhio. The black dots denote camera trap locations within the 2 km grid cells.
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FIGURE 2 | Model-averaged standardized predictors for occupancy of & carnivore species in southeastern Ohio. Distrds, distare of camera from roads; Treedens,
the number of trees within a 10 m buffer around the camera; Pshrub, proportion shrub within 10 m radius of camera; Shrub@, proportion shrub within a grid cell;
(Continued)
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FIGURE 2 | Agriculture10, proportion of agriculturally developed fad within a 1,000 m buffer around the camera; Forest10, propdion of a 1,000 m buffer around the
camera that is forested; Forest5, proportion of a 500 m buffearound the camera that is forested; PropdevelGC, propomin developed lands within a grid cell;
Propdevell10, proportion developed lands within a 1,000 m btfer around the camera; Propdevel5, proportion developedands within a 500 m buffer around the
camera; Bobcat, probability of occupancy forL. rufusin each grid cell; Coyote, probability of occupancy foC. latransin each grid cell; RedFox, probability of
occupancy for V. vulpesin each grid cell; Raccoon, probability of occupancy foP. lotor in each grid cell A D bobcat; B D coyote; C D gray fox; D D red fox ; E D
raccoon; F D opposum).

TABLE 1 | Probability of occupancy and detection, and the number of TABLE 2 | Candidate model set forL. rufus.
detections/non-detections by species.
Model Covariates K logLik AlCc Delta AICc  Weight
Species Probability of Probability of Detection/
Occupancy ( psi) Detection ( p) Non-Detection Agriculture10 1 47566 101.653 0.000 0.131
ForestGC 1 47.686 101.893 0.240 0.116
Bobcat 0.497  0.044 0-086  0.003 121288 AgricultureGC 1 47733 101.988  0.335 0.111
Grayfox 0175 0.020 0-193  0.004 15/285 Distrds 1 47953 102428 0775 0.089
Red fox 0239 0.021 0-180  0.004 117289 Forest10 1 48.138  102.798 1.145 0.074
Coyote 0.897 0.022 0.207  0.002 65/235 Coyote X 48180 102882 1998 0.071
Raccoon 0.881 0.019 0.451  0.002 114/186 Nul NA 49400  103.086 1403 0,065
Opossum  0.731  0.016 0.455  0.002 96/204 RedFox 1 48319 103.160 1506 0.062
Forest GC & Distrds 2 47.184 103.257 1.604 0.059
PropdevelGC & Forest10 2 47.431 103.751 2.097 0.046
scales to develop a suite of candidate models. We examin&gfest10 & Distrds 2 47607 104102 2.449 0.039
the variables for correlation, and eliminated variableshwa  PropdevelS & Distrds 2 47719 104326 2.673 0.034
Pearson correlation coe cientr > 0.7, or we did not use PropdevelGC&Distrds 2 47.854  104.597 2.944 0.030
them in the same model. First, each discreet habitat scage waershrub 1 49.225  104.971 3.318 0.025
modeled for the species, including combinations of varigbleForest1l0 & ShrubGC 2 48.048  104.985 3.331 0.025
1 49.327 105.176 3.522 0.023

that were chosen based on the knowledge of the species. FRsccoon
exampIeC. Iatrangare know_n totravel alc_mg roads; thus, dIStanceDistrds, distance of camera from roads; Pershrub, proportion shrub within 10 madius
from roads was included in several site-level mod€supbs  of camera; ShrubGC, proportion shrub within a grid cell; AgricultureGC, pportion of
and Krausman, 2009 Because our data was Sparse for somaeuyriculturally developed land within a grid cell; Agriculturel10, proportion afgriculturally
species, the models contained a maximum of three variabtes fae_veloped Ian_d within a 1,000 m buffer arognd the camera; ForestGC, proportion of the
. . . grid cell that is forested; Forest10, proportion of a 1,000 m buffer around the camera
explalnlpg occupancy. A” covariates We.re scaled to a!|OBCdII' that is forested; PropdevelGC, proportion developed lands within a grid cell; Propdel5,
comparison. After bUI|dIng models speci c to each habitatleca proportion developed lands within a 500 m buffer around the camera; Coyote, probability
we created models that included covariates from severﬂssca of occupancy for C. latrans in each grid cell; Red Fox, probability of occuparncfor
- . - V. vulpes in each grid cell; Raccoon, probability of occupancy for P. lotor in ea grid
as well as the p_robablllty of oc_cupancy for co?occurrlng SF‘BCIGCEH; K, number of parameters; logLik, log-likelihood; AICc, Akaike brfnation Criterion
as a covariate in models for individual species to understangkore; peita Alce, Delta AIC; weight, model weight.
interspeci c interactions based on hypothesized and known

species interactions and ecology, and developed a nal set of

candidate models for each speciékalles 27). We used a o camera, which positively in uenced. rufus occupancy
model selection framework to rank our candidate models ”S'nQFigure 2A). When the probability of occupancy fd@. latrans
the Akaike Information Criterion corrected for small sample was introduced as a covariate in rufus models. we found a

size AICc Burnham and Anderson, 2092and an averaging g, cant negative e ect orL. rufusoccurrence (standardized

procedure to estimate probabilities of detection and 0CCUPanc, q cient D 5.07Figure 3.

of each species based on a set of models with cumulative AlCc

weightD 0.95. C. latrans Occupancy
The probability of site occupancy fdC. latransin our study
RESULTS was the highest among all species considered here (occupancy
. . . (ps) D 0.892 0.002;Table J). The model containing the
Determinants of Carnivore Occupancy in variable distance from roads had the most support, with roads
Southeastern Ohio positively in uencing the presence of this species. Intenggyi,
L. rufus Occupancy the proportion of development within a 500 m bu er around the

The probability of occupancy fok. rufuswas 0.510 0.045 camera also positively in uenced. latrang(Figure 2B, Table 3.
(Table 1); predicting half of the study area to be inhabited Models forC. latransdid not include the e ects of other species
by bobcats. Although none of the habitat covariates used tbecause literature evidence suggests that as the top predato
predict occurrence were signi cant, our top model includedin this environment, they likely do not experience e ects of
the proportion of agriculture within the 1,000 m bu er around competition from other carnivores in this system.

Frontiers in Ecology and Evolution | www.frontiersin.org 6 June 2018 | Volume 6 | Article 78



Rich et al.

Interspeci ¢ Relations Between Terrestrial Carnivores

TABLE 3 | Candidate model set forC. latrans

TABLE 5 | Candidate model set forV. vulpes

Model Covariates K logLik AlCc Delta AICc  Weight Model Covariates K logLik AlCc Delta AICc  weight
Distrds 1 133.707  273.935 0.000 0.297 PropdevelGCC Distrds 2 43.327  95.542 0.000 0.231
Null NA 134.998 274.252 0.317 0.254 Null NA 45,945  96.145 0.604 0.171
Propdevel5 1 134.487  275.495 1.560 0.136 ForestGC 1 45344  97.210 1.668 0.100
PropdevelGCC Distrds 2 133.629 276.147 2.212 0.098 Bobcat 1 45.610 97.742 2.201 0.077
AgricultureGCC Distrds 2 133.655 276.199 2.264 0.096 AgricultureGC 1 45.699 97.919 2.377 0.070
Propdevel5C Distrds 2 133.685 276.260 2.325 0.093 Coyote 1 45.704  97.930 2.388 0.070
Forest10C ShrubGC 2 134.998 278.885 4.950 0.025 Forest5 1 45.829  98.180 2.638 0.062
- _ ) . ) Forest10 1 45.850 98.222 2.680 0.060
Distrds, distance of camera from roads; ShrubGC, proportion shrub withira grid cell;
AgricultureGC, proportion of agriculturally developed land within a it cell; Forestio, ~ Gray Fox 1 45.883  98.287 2.745 0.058
proportion of a 1,000m buffer around the camera that is forested; Propdev&C, Forest10 C ShrubGC 2 45.087  99.063 3.522 0.040
proportion developed lands within a grid cell; Propdevel5, proportion develogklands ForestGCC Distrds C 3 44299  99.962 4.420 0.025
within a 500 m buffer around the camera; K, number of parameters; logkj log-likelihood; ShrubGC
AlCc, Akaike Information Criterion score; Delta AlCc, Delta Al@eight, model weight. .
Forest5 C Distrds 2 45.827 100.543 5.001 0.019
Distrds C Can 45,929 100.747 5.205 0.017

TABLE 4 | Candidate model set forU. cinereoargenteus

Model Covariates K logLik AlCc  Delta AICc  Weight

Pershrub 1 36.876 80.274 0.000 0.184
Agriculture GC 1 36.998 80.519 0.244 0.163
Null NA 38.199 80.654 0.379 0.152
Raccoon 1 37.835 82.193 1.918 0.071
Coyote 1 37.930 82.381 2.107 0.064
Red Fox 1 37.950 82.422 2.148 0.063
Shrub GC 1 38.032 82.586 2311 0.058
Agriculture GCC Treedens 2 36.874 82.636 2.361 0.056
Agriculture 10 1 38.081 82.684 2.410 0.055
Distrds 1 38.130 82.781 2.506 0.053
Bobcat 1 38.156 82.833 2.559 0.051
Forest GCC Shrub GC 2 37.499 83.887 3.612 0.030

Distrds, distance of camera from roads; Treedens, number of trees withil0 m radius of
camera; Pershrub, proportion shrub within 10m radius of camera; StubGC, proportion
shrub within a grid cell; AgricultureGC, proportion of agricultaily developed land within
a grid cell; Agriculturel0, proportion of agriculturally developedand within a 1,000 m
buffer around the camera; ForestGC, proportion of the grid cell thasiforested; Bobcat,
probability of occupancy for L. rufus in each grid cell; Coyote, probabiy of occupancy
for C. latrans in each grid cell; Red Fox, probability of occupancy fov. vulpes in each
grid cell; Raccoon, probability of occupancy for P; lotor in each grictell; K, number of
parameters; logLik, log-likelihood; AlCc, Akaike Informatio@riterion score; weight, AICc
weight.

U. cinereoargenteus Occupancy
The probability of site occupancy fdJ. cinereoargenteirs our
study area was lowpéi D 0.175 0.020;Table 1). The top

Distrds, distance of camera from roads; Can, percent canopy cover over 10 m @ius
around camera; ShrubGC, proportion shrub within a grid cell; Agricultu@C, proportion
of agriculturally developed land within a grid cell; ForestGC, proportion of thgrid cell that
is forested; Forest10, proportion of a 1,000 m buffer around the camera that is forested;
Forest5, proportion of a 500 m buffer around the camera that is forested; PropdevelGC,
proportion developed lands within a grid cell; Bobcat, probability of occupancy for L.
rufus in each grid cell; Coyote, probability of occupancy for C. latrans in e grid cell;
Gray Fox, probability of occupancy for U. cinereoargenteus in each grid ceK, number
of parameters; logLik, log-likelihood; AICc, Akaike Information Criterisgore; Delta AlCc,
Delta AIC; weight, model weight.

V. vulpes Occupancy

The probability of occupancy fov. vulpeswas slightly higher
than for U. cinereoargenteypsiD 0.239 0.021;Table 1). The
top model included the proportion of developed land within the
grid cell, and the distance of the camera from the road, both
of which negatively in uenced . vulpesoccupancy Figure 2D,
Table 5. We also found that the proportion of forest in the
grid cell was positively associated with vulpesoccupancy.
Notably,U. cinereoargentewscurrence had a negative e ect on
the presence of. vulpes which was 10 times higher than the
reciprocal e ect (standardized coe cienD 3.426, compared
to 0.344) Figure 3.

P. lotor Occupancy

The probability of occupancypé) for P. lotorwas 0.881 0.019
(Table J). None of the covariates introduced in our study to
explain variability were found to be signi canE{gure 2B, but
our top model included the percentage of forest within a 500-m

model included the percent shrub within a 10m bu er around bu er around the camera (negative e ect), as well as the distance
the camera, which negatively inuenced. cinereoargenteus of the camera from the road (positive e ecf)gble 6. However,

occupancy [figure 2C Table 4. However, this model did

we found a negative e ect dD. virginianaon the occurrence

not dier from subsequent models that included the modelof P. lotor denoting habitat partitioning and/or competition
containing percent agriculture within the grid cell, which (standardized coe cientD 3.53), and a weak negative e ect

positively in uenced U. cinereoargenteusccupancy, and the
null model. Interestingly,V. vulpeshad a low negative e ect
on U. cinereoargenteusccurrence (standardized coe cierlD
0.344). We expecte€. latransto negatively in uence the
occurrence ofU. cinereoargenteubut this relation were not

strong Figure 3).

of C. latrans( 0.805) as a potential result of mesocarnivore
suppressionKigure 3).

D. virginiana Occupancy
The probability of occupancy fob. virginianain our study
site was also highp6i D 0.731 0.016;Table 1). None of the
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TABLE 6 | Candidate model set forP. lotor.

Model Covariates K logLik AlCc Delta AICc weight

Forest5 C Distrds 2 183.583 376.056 0.000 0.229
Forest5C Shrub10 2 183.771 376.430 0.374 0.190
Propdevel5C Distrds 2 184.244 377.376 1.321 0.119
Opossum 1 185.560 377.643 1.587 0.104
Coyote 1 185.902 378.326 2.270 0.074
Null NA 187.609 379.473 3.417 0.042
Agriculture10 1 186.616 379.754 3.698 0.036
Propdevel5C TreedensC Distrds 3 184.236 379.837 3.781 0.035
Pershrub 1 186.677 379.876 3.821 0.034
RedFox 1 186.721 379.963 3.908 0.033
Forest5 C PropdevelGC, TreedensC Distrds 4 183.520 380.993 4.937 0.019
Bobcat 1 187.427 381.375 5.319 0.016
Distrds 1 187.491 381.504 5.448 0.015
GrayFox 1 187.576 381.674 5.618 0.014
ShrubGC 1 187.605 381.731 5.675 0.013
PropdevelGCC Distrds 2 186.725 382.339 6.283 0.010
Distrds C Can 2 186.736 382.361 6.305 0.010
AgricultureGCC Treedens 2 187.375 383.639 7.584 0.005
PropdevelGCC TreedensC Distrds 3 186.720 384.803 8.747 0.003

Distrds, distance of camera from roads; Treedens, the number of trees wiin a 10 m buffer around the camera; Pershrub, proportion shrub within 10m rads of camera; Can, the percent
canopy cover within a 10m buffer around the camera; Shrub10, proportion stub within a 1,000 m buffer around the camera; ShrubGC, proportion shrub withia grid cell; AgricultureGC,
proportion of agriculturally developed land within a grid cell; Agnilture10, proportion of agriculturally developed land within a 1,000 m buffer aroghthe camera; ForestGC, proportion
of the grid cell that is forested; Forest5, proportion of a 500 m buffer arouhthe camera that is forested; PropdevelGC, proportion developed lands within a gt cell; Propdevel5,
proportion developed lands within a 500 m buffer around the camera; Bobda probability of occupancy for L. rufus in each grid cell; Coyote, probability of oagancy for C. latrans
in each grid cell; GrayFox, probability of occupancy for U. cinemargenteus in each grid cell; Red Fox, probability of occupancy for V. vulpe§possum, probability of occupancy for
D. virginiana in each grid cell; K, number of parameters; logLilgd-likelihood; AlCc, Akaike Information Criterion; weight, AICc weight

covariates introduced to explain the variability h virginiana  species in Ohio, as well as f@. virginiang and P. lotor P.
site occupancy were found to be signi cariigure 25, which  lotor and D. virginiang both generalist mesocarnivores, show
was expected given that this species is ubiquitous in Ohi@ high probability of occupancy at 0.881 0.019 and 0.731
D. virginiana occurrence was weakly in uenced [y. latrans 0.016, respectively. We found a low probability of occupancy for

(standardized coe cienD  0.305) Figure 3. V. vulpeg( 0.2); we expected higher probability of occupancy,
] o as red foxes are a non-native generalist, and have a widesprea
Detection Probabilities distribution in Ohio (Dell'Arte et al., 200) Another unexpected

None of the variables used to model detection (Julian dayesult was found folJ. cinereoargenteushich exhibited slightly
the number of days the camera was out, time of day, anfligher occupancy tharV. vulpes However, low occupancy
precipitation) had a signicant e ect on the detection of estimates for gray foxes corroborate the recent declinesrobd
individuals of any of our six target species, and therefoeerthll  in the U. cinereoargentep®pulation of Ohio due to disease (S.
model was chosen to be used in further analyses. The detectignange, pers. comm.).. rufushad a probability of occupancy
probabilities p) for three of the six species werd.2:C. latrans  of approximately 0.5, consistent with existing knowledge that
p D 0.207 0.002,U. cinereoargenteup D 0.197 0.005, rufusare reclaiming their former range in Ohig\(derson et al.,
V.vulpespD 0.180 0.004L. rufushad a much lower detection 2015,

probability (p D 0.085 0.002), whereab. virginiana and The patterns of occurrence in the six carnivore species can
P. lotor had, as expected, much higher detection probabilitiegsartly be explained by the strength and direction of interspeci
0.453 0.002 anpD 0.455 0.019, respectively. relations. We expected. latransthe apex predator in our system

to act as the top-down regulator and have a negative in uence o
DISCUSSIONS the occurrence of the other carnivore species. However, amy

relation was strong and in the expected direction: occuresoic
Our results suggested directions and strengths of inteispec C. latransstrongly and negatively in uenced the patterns lof
relations between carnivore species in southeastern Olhichyw  rufusoccurrence igure 3). One possible explanation is that of
along with habitat variables, contributed to shaping ocenge direct competition and spatial segregation between theséespec
patterns. As expected, we found the highest occupancyCfor with C. latransa ecting the spatial distribution ofL. rufus
latrans(0.892 0.002), a common, highly-adaptable non-nativeAlthough this nding is based on data within a relatively sho
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TABLE 7 | Candidate model set forD. virginiana

Model Covariates K logLik AlCc Delta AlCc weight

Null NA 169.556 343.367 0.000 0.139
Propdevel5C Distrds 2 167.513 343.915 0.548 0.106
Distrds 1 168.773 344.067 0.699 0.098
Coyote 1 169.256 345.034 1.667 0.060
Raccoon 1 169.313 345.147 1.780 0.057
Forest5 C Distrds 2 168.232 345.353 1.985 0.052
Redfox 1 169.487 345.495 2.128 0.048
Forest10 C Distrds 2 168.338 345.564 2.197 0.046
ShrubGC 1 169.537 345.596 2.228 0.046
Bobcat 1 169.550 345.621 2.253 0.045
Grayfox 1 169.554 345.630 2.263 0.045
Agriculture10 1 169.556 345.633 2.266 0.045
Pershrub 1 169.556 345.634 2.266 0.045
Propdevel10C Distrds 2 168.470 345.830 2.462 0.041
Propdevel5C Treedens, C Distrds 3 167.500 346.364 2.997 0.031
PropdevelGCC Distrds 2 168.770 346.429 3.062 0.030
PropdevelGCC Forest10 2 169.247 347.384 4.016 0.019
AgricultureGCC Treedens 2 169.268 347.426 4.058 0.018
Propdevel10C Forest5 2 169.407 347.703 4.335 0.016
PropdevelGCC TreedensC Distrds 3 168.768 348.900 5.533 0.009
Forest5 C PropdevelGCC TreedensC Distrds 4 168.193 350.340 6.972 0.004

Distrds, distance of camera from roads; Treedens, the number of trees wiin a 10 m buffer around the camera; Pershrub, proportion shrub within 10 m dius of camera; ShrubGC,
proportion shrub within a grid cell; Agriculture10, proportion of agrigiturally developed land within a 1,000 m buffer around the camera; Forest10, pportion of a 1,000 m buffer around
the camera that is forested; Forest5, proportion of a 500 m buffer arounthe camera that is forested; PropdevelGC, proportion developed lands within a grickll; Propdevel10, proportion
developed lands within a 1,000 m buffer around the camera; Propdevel5, proption developed lands within a 500 m buffer around the camera; Bobcat, probability of aupancy for L.
rufus; Coyote, probability of occupancy for C. latrans; GrayFox, probality of occupancy for U. cinereoargenteus; RedFox, probability of occupancy for. Vulpes; Raccoon, probability
of occupancy for P; lotor; K, number of parameters; logLik, log-likélood; K, number of parameters; AlCc, Akaike Information Criterion; weighAICc weight.

time span, which coincides with the kitten rearing seasonmwheof D. virginiana and P. lotor D. virginiana occurrence was

female bobcats reduce their movements, it corroborategroth negatively associated wikh lotor(Figure 3), likely due to direct

studies in North America wher€. latrars appear to outcompete competition between these two mesocarnivores, which hase be

L. rufus(Litvaitis, 1981; Thornton et al., 20P4his nding raises shown to use similar resources in their environmef@irfger

further questions about the population level e ects of a non-etal., 2008 However, the high levels of occurrence between these

native carnivore on the recovery of the native bobcat poputatio two species suggest that they are both successful in theéddres

in Ohio, as well temporal habitat partitioning (species usingSE Ohio landscape, and anecdotal evidence points toward an

the same habitat but during di erent seasoridjamberlain and increasing raccoon population (S. Prange, pers. obs.).

Leopold, 2005 which could be answered though a longer-term  The interspeci c relations between the six carnivore species

study. along with landscape scale land use and human impact shape
One unexpected nding was the negative relation betweethe spatial patterns of occurrence for all species. Two clear

U. cinereoargenteasd V. vulpesoccurrence. Given the current distribution patterns emerged. The rst notable pattern isath

declines ofU. cinereoargenteusnd the success of. vulpes L. rufusandU. cinereoargenteusvo species native to Ohio, have

as an invader in North America, we expected that red foxesimilar spatial distribution of higher occupancy probabéi

to negatively aect the occurrence of gray foxes. HoweveiThis could be due to a variety of factors, including the use

life history of U. cinereoargenteugnd the indirect impacts of similar habitat features. In fact, the higher the perceeta

of C. latranson V. vulpesmight explain this pattern. First, of agricultural lands in a grid cell, the higher the probalilit

C. latransmay suppress both fox species, but the ability othat L. rufusor U. cinereoargenteuscupied that habitat. One

U. cinereoargenteus climb trees and avoid larger predators potential explanation is that these species are pushed into more

might make the mesocarnivore suppression impadCofatrans fragmented habitat by their competitors (especidlylatrans.

asymmetrical, and geared towah. vulpes suppression of At the same timeL. rufusis known to preferentially prey on

V. vulpeshby C. latranshas been observed in other studiesrodent and lagomorph species such as meadow vlies @tus

(Levi and Wilmers, 2002 Thus, the strong relation between pennsylvanic)smeadow jumping miceZapus hudsonigsand

U. cinereoargenteasdV. vulpesnay be apparent, and mediated eastern cottontail rabbits Sylvilagus oridanus commonly

by C. latrans The other notable interspeci c relation was that associated with open eldsRpose and Prange, 2015The
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FIGURE 3 | Interspeci c relations between six carnivore species in Ohinferred from occupancy models, with the direction of the aow showing the direction of the
effect. Solid arrows indicate negative relations, dotted rows indicate positive relations. Bold lines and coef ciets indicate statistically signi cance. (source of
carnivore drawings: www.supercoloring.com/silhouettey

second notable pattern is thal. latransand V. vulpeshave elds of agriculture, which has shown to be greater than the
similar spatial distributions of high occurrence probaldg; forest interior Pardini et al., 2006 U. cinereoargenteusre
both species tended to avoid developed areas in the landscapéso positively in uenced by agriculture, and a diet analysis
This distribution pattern is interesting, considering thegveral for this species would be necessary to further understand
other studies have shown that these two species partition thepatial distribution patterns in relation to prey availahjlit
habitat and are often not found in the same areakdgberge and C. latransoccupancy t the expected pattern of a generalist,
Wedeles, 1989; Gosselink et al., Q0@verall, the two species highly-successful invader. As shown in other studies, t@s/o
parings -L. rufus& U. cinereoargenteasdC. latrans& V. vulpes make extensive use of roadsr(ibbs and Krausman, 20)%s
- occurred with high probabilities in contrasting habitafehis  roads allow them to not only move with ease through their
nding corroborates other studies showing tHatrufuswillavoid  home range, but also provide a way to communicate with
C. latrans likely due to competition and predation riskifvaitis,  conspeci cs Brattstrom, 199Q C. latranswill commonly mark
1981; Thornton et al., 200Zhowever, the short duration of our their territories by dropping scat along roadwaysafrette and
study may have overlooked spatial and temporal patterns acos&ssier, 1980 Our models corroborate these ndings, &
longer time periods, which warrants further research. At thdatrans occupancy was positively in uenced by proximity to
same time,C. latransand V. vulpes both non-native species, roads fFigure 2B). V. vulpesad lower than expected occupancy,
may be able to successfully partition certain habitat temlipra and their occupancy was negatively associated with developed
(Gosselink et al., 200.3Another interesting aspect is whether land within the grid cell, and negatively associated withxomaty
the diets of the two species pairings are dierent. There ido roads. The negative relationship with developed land.(e.g
evidence that coyotes and bobcats increase their dietawfap; towns) can be explained by the fact thdt vulpes although
as well as their spatial overlap in human dominated landscapes adapted to thrive in human-dominated landscapés('Arte
California (Smith et al., 2013 but more research is needed in our et al., 200y, is outcompeted from such areas by coyotes. The
landscape to fully understand the diet and temporal and spatidligh occurrence patterns foP. lotor and D. virginiana were
habitat partitioning in these four species. also expectedP. lotor was more likely to be found in more

In addition to C. latranspresencel. rufusoccurrence was developed habitats, particularly at the 500-m scale, whichlspe
most in uenced by the amount of agriculture in the landscapeto the ability of this species to thrive in human dominated
and was positively inuenced by this habitat characteristiclandscapesD. virginiang on the other hand, was more likely to
This could be due to the availability of prey in the openbe found in areas away from human development and a greater
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distance from the roads, which lines up well with studiestthaand the ongoing trapping on the declining gray fox population.
found that that this species is a forest dweller, though ofterfror example, because of the seemingly low occupancy found for
found in human dominated landscapes as wélir(ger et al., U. cinereoargenteua bag limit would be advisable, in an e ort

2003. to decrease the human-caused mortality, and ensure species
viability in the long term. FoL. rufus caution must be exercised

Implications for Carnivore Management prior to opening a trapping season, and studies evaluating

and Conservation population size and identifying source and sink populations

Interspeci ¢ relations and habitat occurrences between -non(Anderson et al., 20)5hould be implemented. In this context,

native and native species poses interesting challenges adetter understanding of the carnivore intraguild relatsocan

management and conservation. On the one hand, the two nativiél'ther hone management and conservations actions targated

species, which are listed as species of concern in Ohio, m&}inimizing the impact of competition on at-risk native species

be a ected to some extent by non-native carnivores. Recoveom non-native species.

rates of the bobcat population in the area are unknown, but

anecdotal data from veried sightings and roadkill, as wel AUTHOR CONTRIBUTIONS

as genetic analyses\r(derson et al., 20)5point toward a

successful pathway to population recovery. The negativéarlat MR, VP, and SP designed the study. MR and CT implemented the

between bobcats and coyotes observed in our system, whigidy. MR and VP analyzed the data. MR and VP wrote rst draft
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