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ABSTRACT Carnivore guilds play a vital role in ecological communities by cascading trophic effects, energy and
nutrient transfer, and stabilizing or destabilizing food webs. Consequently, the structure of carnivore guilds can be
critical to ecosystem patterns. Body size is a crucial influence on intraguild interactions, because it affects access to
prey resources, effectiveness in scramble competition, and vulnerability to intraguild predation. Coyotes (Canis
latrans), bobcats (Lynx rufus), gray foxes (Urocyon cinereoargenteus), raccoons (Procyon lotor), red foxes (Vulpes vulpes),
and striped skunks (Mephitis mephitis) occur sympatrically throughout much of North America and overlap in
resource use, indicating potential for interspecific interactions. Althoughmuch is known about the autecology of the
individual species separately, little is known about factors that facilitate coexistence and how interactions within this
guild influence distribution, habitat use, and temporal activity of the smaller carnivores. To assess how habitat
autecology and interspecific interactions affect the structure of this widespread carnivore guild, we conducted a
large-scale, non-invasive carnivore survey using an occupancy modeling framework. We deployed remote cameras
during 3-week surveys to detect carnivores at 1,118 camera locations in 357 2.6-km2 sections (3–4 cameras/section
composing a cluster) in the 16 southernmost counties of Illinois (16,058 km2) during January–April, 2008–2010.
We characterized microhabitat at each camera location and landscape-level habitat features for each camera cluster.
In a multistage approach, we used information-theoretic methods to evaluate competing models for detection,
species-specific habitat occupancy, multispecies co-occupancy, and multiseason (colonization and extinction)
occupancy dynamics. We developed occupancy models for each species to represent hypothesized effects of
anthropogenic features, prey availability, landscape complexity, and vegetative land cover. We quantified temporal
activity patterns of each carnivore species based on their frequency of appearance in photographs. Further, we
assessed whether smaller carnivores shifted their diel activity patterns in response to the presence of potential
competitors. Of the 102,711 photographs of endothermic animals, we recorded photographs of bobcats (n¼ 412
photographs), coyotes (n¼ 1,397), gray foxes (n¼ 546), raccoons (n¼ 40,029), red foxes (n¼ 149), and striped
skunks (n¼ 2,467). Bobcats were active primarily during crepuscular periods, and their activity was reduced with
precipitation and higher temperatures. The probability of detecting bobcats decreased after a bobcat photograph
was recorded, suggesting avoidance of remote cameras after the first encounter. Across southern Illinois, bobcat
occupancy at the camera-location and camera-cluster scale (bclocal ¼ 0.24� 0.04, camera cluster bccluster ¼ 0.75� 0.06)
was negatively influenced by anthropogenic features and infrastructure. Bobcats had high rates of colonization
(bg ¼ 0.86) and low rates of extinction (be¼ 0.07), suggesting an expanding population, but agricultural land was less
likely to be colonized. Nearly all camera clusters were occupied by coyotes (bccluster ¼ 0.95� 0.03). At the local scale,
coyote occupancy (bclocal ¼ 0.58� 0.03) was higher in hardwood forest stands with open understories than in other
areas. Compared to coyotes, gray foxes occupied a smaller portion of the study area (bclocal ¼ 0.13� 0.01,bccluster ¼ 0.29� 0.03)at all scales.At the scaleof thecamera cluster,gray foxoccupancywashighest in fragmentedareas
with high proportions of forest, andpositively related to anthropogenic featureswithin 100%home-range buffers. Red
foxes occupied a similar proportion of the study area as gray foxes (bc local ¼ 0.12� 0.02, bccluster ¼ 0.26� 0.04) butwere
more closely associatedwith anthropogenic features. Only anthropogenic featuremodelsmade up the 90% confidence
set at all scales of analysis for red foxes. Extinction probabilities at the scale of the camera cluster were higher for both
gray foxes (be¼ 0.57) and red foxes (be¼ 0.35) than their colonization rates (gray fox bg ¼ 0.16, red fox bg ¼ 0.06),
suggesting both speciesmay be declining in southern Illinois. Striped skunks occupied a large portion of the study area
(bclocal ¼ 0.47� 0.01, bccluster ¼ 0.79� 0.03)andwereassociatedprimarilywithanthropogenic features.Raccoonswere
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essentially ubiquitouswithin the study area, beingphotographed in 99%of camera clusters.Weobserved little evidence
for spatial partitioning based on interspecific interactions, with the exception of the gray fox-coyote pairs, and found
that habitat preferencesweremore important in structuring the carnivore community.Habitat had a stronger influence
on the occupancy of foxes than did the presence of bobcats. However, the level of red fox activity was negatively
correlatedwith bobcat activity.Gray fox occupancy and thenumber of detectionswithin occupied siteswere reduced in
camera clusters occupied by coyotes but not bobcat occupancy. Overall, gray fox occupancy was highest at camera
locationswith fewerhardwoodandmore conifer trees.However, gray foxesweremore likely tooccupycamera locations
in hardwood stands than conifer stands if coyotes were also present indicating that hardwood standsmay enhance gray
fox-coyote coexistence. The 2 fox species appeared to co-occur with each other at the local scale more frequently than
expected based on their individual selection of habitat. Similarly, occupancy of camera location by red foxes was higher
when coyotes were present. These positive spatial associations among canids may be a response to locally high prey
abundance or unmeasured habitat variables. Activity levels of raccoons, bobcats, and coyotes were all positively
correlated.Overall, our co-occurrence and activitymodels indicate competitor-driven adjustments in space use among
members of a carnivore community might be the exception rather than the norm. Nevertheless, although our results
indicate that gray foxes and red foxes currently coexist with bobcats and coyotes, their distribution appears to be
contracting on our study area. Coexistence of foxeswith larger carnivoresmay be enhanced by temporal partitioning of
activity and by habitat features that reduce vulnerability of intraguild predation. For instance, hardwood stands may
contain trees with structure that enhances tree-climbing by gray foxes, a behavior that probably facilitates coexistence
with coyotes. Efforts to enhance gray fox populations would likely benefit from increasing the amount of mature oak-
hickory forest. Additionally, the varying results from different scales of analyses underscore the importance of
considering multiple spatial scales in carnivore community studies. � 2015 The Wildlife Society.

KEY WORDS activity, bobcat (Lynx rufus), carnivore guild structure, central hardwoods, co-occupancy, coyote (Canis
latrans), gray fox (Urocyon cinereoargenteus), habitat occupancy, multiscale ecological sorting, raccoon (Procyon lotor), red fox
(Vulpes vulpes), striped skunk (Mephitis mephitis).

Estructura Espacial y Temporal de un Gremio
Mesocarn�ıvoro en el medio oeste de Am�erica del Norte

RESUMEN Los gremios de carn�ıvoros desempe~nan un papel vital en las comunidades ecol�ogicas causando efectos
tr�oficos en cascada, afectando la transferencia de energ�ıa y nutrientes, y estabilizando o desestabilizando las redes
alimentarias. En consecuencia, la estructura de los gremios de carn�ıvoros puede ser cr�ıtica para los patrones de los
ecosistemas. El tama~no corporal tiene una influencia crucial en las interacciones intragremio, ya que afecta el acceso
a los recursos de presa, la eficacia en la competencia por explotaci�on, y la vulnerabilidad a depredaci�on intragremio.
Los coyotes (Canis latrans), linces (Lynx rufus), zorros grises (Urocyon cinereoargenteus), mapaches (Procyon lotor), el
zorro (Vulpes vulpes), y zorrillos rayados (Mephitis mephitis) ocurren en simpatr�ıa en gran parte de Am�erica del Norte
y se solapan en los recursos que utilizan, lo que indica un potencial para interacciones interespec�ıficas. Aunque se
sabe mucho sobre la autoecolog�ıa de las especies individuales por separado, poco se sabe acerca de los factores que
facilitan la coexistencia y c�omo las interacciones dentro de este gremio influencian la distribuci�on, uso de h�abitat, y
actividad temporal de los carn�ıvoros m�as peque~nos. Para evaluar c�omo la autecolog�ıa del h�abitat y las interacciones
interespec�ıficas afectan la estructura de este gremio carn�ıvoro de amplia distribuci�on, realizamos un muestreo de
carn�ıvoros no invasivo a gran escala, utilizando un marco de modelos de ocupaci�on. Instalamos c�amaras remotas en
muestreos de 3 semanas para detectar carn�ıvoros en 1118 locaciones-c�amara en 357 secciones de 2.6 km2 (3–4
c�amaras / secci�on conformaron una agrupaci�on) en los 16 condados de m�as al sur de Illinois (16058 km2) entre enero
y abril de 2008–2010. Caracterizamos el microh�abitat en cada locaci�on-c�amara y las caracter�ısticas del h�abitat a nivel
de paisaje para cada agrupaci�on de c�amaras. Con un enfoque de etapas m�ultiples, utilizamos m�etodos de teor�ıa de
informaci�on para evaluar modelos competitivos de detecci�on, ocupaci�on del h�abitat de especies espec�ıficas, co-
ocupaci�on multi-especies, y din�amicas de ocupaci�on multi-especies y multi-estaci�on (colonizaci�on y extinci�on).
Desarrollamos modelos de ocupaci�on para cada especie para representar efectos hipot�eticos de caracter�ısticas
antropog�enicas, disponibilidad de presas, complejidad del paisaje, y cobertura vegetal. Cuantificamos los patrones de
actividad temporal de cada especie carn�ıvora en funci�on de su frecuencia de aparici�on en fotograf�ıas. Adem�as,
evaluamos si los carn�ıvoros m�as peque~nos cambian sus patrones de actividad diaria en respuesta a la presencia de
competidores potenciales. De las 102711 fotograf�ıas de animales endot�ermicos, registramos fotograf�ıas de linces
(n¼ 412 fotograf�ıas), coyotes (n¼ 1397), zorros grises (n¼ 546), mapaches (n¼ 40029), zorros rojos (n¼ 149), y
zorrillos rayados (n¼ 2467). Los linces estuvieron activos principalmente durante per�ıodos crepusculares, y su
actividad se redujo con la precipitaci�on y altas temperaturas. La probabilidad de detectar linces disminuy�o despu�es
de registrar una fotograf�ıa de lince, lo que sugiere la evasi�on de c�amaras remotas despu�es del primer encuentro. En
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todo el sur de Illinois, la ocupaci�on de linces en la escala de locaci�on-c�amara y agrupaci�on de c�amaras
(bclocal¼ 0.24� 0.04, bccluster agrupaci�on de c�amaras¼ 0.75� 0.06) fue influenciado negativamente por
caracter�ısticas antropog�enicas e infraestructura. Los linces tuvieron altas tasas de colonizaci�on (g¼ 0.86) y bajas
tasas de extinci�on (be¼ 0.07), lo que sugiere una poblaci�on en expansi�on, pero los terrenos agr�ıcolas tuvieron menor
probabilidad de ser colonizados. Casi todas las agrupaciones de c�amaras fueron ocupadas por los coyotes
(bccluster¼ 0.95� 0.03). A escala local, la ocupaci�on de coyotes (bclocal¼ 0.58� 0.03) fue mayor en los bosques de
madera dura con sotobosque abierto que en otras �areas. En comparaci�on con los coyotes, los zorros grises ocuparon
una porci�on m�as peque~na de la zona de estudio (bclocal¼ 0.13� 0.01, bccluster¼ 0.29� 0.03) en todas las escalas. En
la escala de agrupaci�on de c�amaras, la ocupaci�on de zorro gris fue m�as alta en �areas fragmentadas con altas
proporciones de bosque, y positivamente relacionada con caracter�ısticas antropog�enicas dentro del 100% de
amortiguaci�on del rango de hogar. Los zorros rojos ocuparon una proporci�on de la zona de estudio similar a la de los
zorros grises (bclocal¼ 0.12� 0.02, bccluster¼ 0.26� 0.04), pero estuvieron m�as estrechamente asociados con
caracter�ısticas antropog�enicas. Solo los modelos de caracter�ısticas antropog�enicas representaron el 90% de confianza
en todas las escalas del an�alisis para los zorros rojos. Las probabilidades de extinci�on en la escala de agrupaci�on de
c�amaras fueron m�as altas para zorros grises (be¼ 0.57) y zorros rojos (be¼ 0.35) que sus tasas de colonizaci�on (g gris
zorro¼ 0.16, rojo zorro g¼ 0.06), lo que sugiere que ambas especies pueden estar disminuyendo en el sur de Illinois.
Los zorrillos rayados ocuparon gran parte de la zona de estudio (bclocal¼ 0.47� 0.01, bccluster¼ 0.79� 0.03) y se
asociaron principalmente con las caracter�ısticas antropog�enicas. Los mapaches fueron esencialmente ubicuos dentro
del �area de estudio, siendo fotografiados en el 99% de las agrupaciones de c�amara. Observamos poca evidencia de
particionamiento espacial con base en interacciones interespec�ıficas, con la excepci�on de pares de zorro gris-coyote, y
encontramos que las preferencias de h�abitat fueron m�as importantes en la estructuraci�on de la comunidad
carn�ıvoros. El h�abitat tuvo una mayor influencia en la ocupaci�on de zorros que en la presencia de linces. Sin
embargo, el nivel de actividad del zorro rojo se correlacion�o negativamente con la actividad de linces. La ocupaci�on
del zorro gris y el n�umero de detecciones dentro de los sitios ocupados se redujeron en la agrupaci�on de c�amaras
ocupados por coyotes, pero no as�ı la ocupaci�on de linces. En general la ocupaci�on de zorro gris fue m�as alta en
locaciones-c�amara con menos �arboles de madera dura y m�as �arboles de con�ıferas. Sin embargo, los zorros grises
tuvieron una mayor probabilidad de ocupar �areas de madera dura que de con�ıferas cuando los coyotes tambi�en
estuvieron presentes, indicando que las �areas de �arboles de madera dura pueden mejorar la convivencia zorro gris-
coyote. Las 2 especies de zorros parecen co-ocurrir a escala local con m�as frecuencia de lo esperado con base en su
selecci�on individual de h�abitat. Del mismo modo, la ocupaci�on de locaciones-c�amara por zorros rojos fue mayor
cuando los coyotes estuvieron presentes. Estas asociaciones espaciales positivas entre c�anidos pueden ser una
respuesta a alta abundancia de presas a nivel local o a variables de h�abitat no medidas. Los niveles de actividad de los
mapaches, linces y coyotes se correlacionaron positivamente. En general, nuestros modelos de co-ocurrencia y de
actividad indican que ajustes por competencia en el uso del espacio entre miembros de una comunidad carn�ıvora
podr�ıan ser la excepci�on y no la norma. Sin embargo, a pesar de que nuestros resultados indican que los zorros grises
y zorros colorados actualmente coexisten con linces y coyotes, su distribuci�on parece estar contray�endose en nuestra
�area de estudio. La coexistencia de zorros con los carn�ıvoros m�as grandes puede incrementarse mediante el
particionamiento temporal de actividad y por las caracter�ısticas del h�abitat que reduzcan la vulnerabilidad de la
depredaci�on intragremio. Por ejemplo, �areas de madera dura pueden contener �arboles con estructura que mejore la
escalada de �arboles por zorros grises, un comportamiento que probablemente facilita la convivencia con coyotes.
Esfuerzos para incrementar las poblaciones de zorros grises probablemente se beneficiar�ıan del aumento en la
cantidad de bosque de roble-nogal maduro. Adem�as, los resultados variados de diferentes escalas de an�alisis
subrayan la importancia de considerar m�ultiples escalas espaciales en estudios de comunidades de carn�ıvoros.

Structure Spatio-Temporelle d’une Guilde de
M�esocarnivores dans le Midwest Nord Am�ericain

R�ESUM�E Les guildes de carnivores jouent un rôle vital dans l’�ecologie des communaut�es, en particulier dans les
cascade trophiques et les transferts de l’�energie et des �el�ements nutritifs et peuvent �a la fois stabiliser et d�estabiliser
les r�eseaux trophiques. Par cons�equent, la structure des guildes de carnivores peut être critique pour le
fonctionnement des �ecosyst�emes. La taille des esp�eces �a une forte influence sur les interactions intraguildes car elle
affecte l’acc�es aux ressources de proies, l’efficacit�e en comp�etition de course et la vuln�erabilit�e �a la pr�edation
intraguilde. Les coyotes (Canis latrans), les lynx roux (Lynx rufus), les renards gris (Urocyon cinereoargenteus), les
ratons laveurs (Procyon lotor), les renards roux (Vulpes vulpes), et les mouffettes ray�ees (Mephitis mephitis) sont
sympatriques dans toute l’Am�erique du Nord et utilisent les mêmes ressources indiquant un potentiel d’interactions
intersp�ecifiques. Malgr�e le fait que l’on connaisse bien l’�ecologie de chaque esp�ece s�epar�ement, on sait peu de choses
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sur les facteurs qui facilitent leur coexistence et sur l’influence des interactions au sein de cette guilde sur l’utilisation
de l’habitat et le rythme d’activit�e des petits carnivores. Pour �evaluer comment l’�ecologie de l’habitat et les
interactions intersp�ecifiques affectent la structure de cette guilde r�epandue, nous avons men�e une enquête non-
invasive �a grande �echelle dans le cadre d’une mod�elisation d’occupation. Nous avons d�eploy�e des pi�eges
photographiques pendant 3 semaines afin de d�etecter les carnivores �a 1118 emplacements dans 357 sections de 2,6
km2 (3–4 cam�eras/section qui composent un cluster) dans les 16 comt�es les plus au sud de l’Illinois (16 058 km2)
entre janvier et avril 2008–2010. Nous avons caract�eris�e le microhabitat �a chaque emplacement et l’habitat au niveau
du paysage pour chaque cluster. Dans une approche multi-�etapes, nous avons utilis�e des m�ethodes d’information
th�eorique pour �evaluer les mod�eles concurrents pour la d�etection, l’occupation de l’habitat sp�ecifique �a chaque
esp�ece, la co-occupation multi-esp�eces et la dynamique temporelle d’occupation multi-saisons (colonisation et
extinction). Nous avons d�evelopp�e des mod�eles d’occupation pour chaque esp�ece afin de repr�esenter les effets
suppos�es des caract�eristiques anthropiques, de la disponibilit�e des proies, de la complexit�e du paysage et de la
couverture v�eg�etative terrestre. Nous avons quantifi�e les mod�eles d’activit�e temporelle pour chaque esp�eces de
carnivores en fonction de leur fr�equence d’apparition sur les photographies. En outre, nous avons �evalu�e si les petits
carnivores modifiaient leurs habitudes d’activit�e nycth�em�erales en r�eponse �a la pr�esence de comp�etiteurs potentiels.
Sur les 102 711 photographies d’animaux endothermes, nous avons identifi�e des lynx roux (n¼ 412 photographies),
des coyotes (n¼ 1397), des renards gris (n¼ 546), des ratons laveurs (n¼ 40 029), des renards roux (n¼ 149) et des
mouffettes ray�ees (n¼ 2467). Les lynx �etaient principalement actifs pendant les p�eriodes cr�epusculaires et leur
activit�e �etait r�eduite lors de pr�ecipitations et de temp�eratures plus �elev�ees. La probabilit�e de d�etection de lynx a
diminu�ee apr�es qu’une photographie de lynx ait �et�e prise, ce qui sugg�ere un �evitement des pi�eges photographiques
apr�es une premi�ere rencontre. Dans le sud de l’Illinois, l’occupation des lynx �a l’�echelle de l’emplacement des pi�eges
photographiques et des clusters (bclocal¼ 0,24� 0,04, cluster bccluster¼ 0,75� 0,06) �etait n�egativement influenc�ee
par des caract�eristiques et des infrastructures anthropiques. Les lynx avaient des taux de colonisation �elev�es
(g¼ 0,86) et d’extinction faibles (be¼ 0,07), ce qui sugg�ere une population en expansion, mais les terres agricoles
�etaient moins susceptibles d’̂etre colonis�ees. Presque tous les clusters �etaient occup�es par des coyotes
(bccluster¼ 0,95� 0,03). �A l’�echelle locale, l’occupation des coyotes (bclocal¼ 0,58� 0,03) �etait plus �elev�ee dans
les forêts de feuillus avec sous-�etages ouverts que dans d’autres habitats. Compar�es aux coyotes, les renards gris
occupaient une petite partie de la zone d’�etude (bclocal¼ 0,13� 0,01, bccluster¼ 0,29� 0,03) �a toutes les �echelles. �A
l’�echelle du cluster, l’occupation des renards gris �etait la plus �elev�ee dans les zones fragment�ees avec des proportions
�elev�ees de forêt et positivement li�ee aux caract�eristiques anthropiques au sein d’un buffer de 100% de leur territoire.
Les renards roux occupaient une proportion de la zone d’�etude similaire aux renards gris (bclocal¼ 0,12� 0,02,bccluster¼ 0,26� 0,04), mais �etaient plus �etroitement associ�es aux des caract�eristiques anthropiques. Les mod�eles
compos�es uniquement de param�etres anthropiques composaient le groupe avec 90% de confiance �a toutes les
�echelles d’analyse pour les renards roux. Les probabilit�es d’extinction �a l’�echelle des clusters �etaient plus �elev�ees pour
les renards gris (be¼ 0,57) et les renards roux (be¼ 0,35) que leurs taux de colonisation (renard gris g¼ 0,16, renard
roux g¼ 0,06), ce qui sugg�ere que ces deux esp�eces peuvent être en d�eclin dans le sud de l’Illinois. Les mouffettes
ray�ees occupaient une grande partie de la zone d’�etude (bclocal¼ 0,47� 0,01, 0,79� bccluster¼ 0,03) et �etaient
principalement associ�ees �a des caract�eristiques anthropiques. Les ratons laveurs �etaient essentiellement
omnipr�esents dans la zone d’�etude, �etant photographi�es �a 99% des clusters. Nous avons obtenu peu de preuves
de partitionnement spatial bas�e sur les interactions intersp�ecifiques, �a l’exception des paires renard gris-coyote et
constat�e que les pr�ef�erences d’habitat �etaient plus importantes dans la structuration de la communaut�e de carnivores.
L’influence de l’habitat sur l’occupation des renards �etait plus forte que celle de la pr�esence de lynx. Cependant, le
niveau d’activit�e des renards roux �etait n�egativement corr�el�e avec l’activit�e des lynx. L’occupation des renards gris et
le nombre de d�etections dans les sites occup�es �etaient r�eduits dans les clusters occup�es par des coyotes mais pas par
les lynx. En g�en�eral, l’occupation des renards gris �etait la plus �elev�ee aux emplacements avec moins de feuillus et plus
de conif�eres. Cependant, les renards gris �etaient plus susceptibles d’occuper des emplacements dans les peuplements
de feuillus que de conif�eres si les coyotes �etaient �egalement pr�esents, indiquant que les peuplements de feuillus
peuvent am�eliorer la coexistence entre renards gris et coyotes. Les deux esp�eces de renards semblent coexister �a
l’�echelle locale plus fr�equemment qu’attendu en fonction de leur s�election individuelle de l’habitat. De même,
l’occupation d’emplacements par les renards roux �etait plus �elev�ee lorsque les coyotes �etaient �egalement pr�esents.
Ces associations spatiales positives entre les canid�es peuvent être une r�eponse �a l’abondance de proies localement
�elev�ee ou �a des variables de l’habitat non mesur�ees. Les niveaux d’activit�e des ratons laveurs, des lynx roux et des
coyotes �etaient tous positivement corr�el�es. Dans l’ensemble, nos mod�eles de co-occurrence et d’activit�e indiquent
que les ajustements d’utilisation de l’habitat r�esultant de la pr�esence de comp�etiteurs semblent être une exception
plutôt que la norme. N�eanmoins, bien que nos r�esultats indiquent qu’actuellement les renards gris et roux coexistent
avec les lynx roux et les coyotes, leur distribution semble se contracter sur notre zone d’�etude. La coexistence des
renards avec de plus grands carnivores peut être am�elior�ee par le partitionnement temporel de leurs activit�es et par
les caract�eristiques de l’habitat qui r�eduisent leur vuln�erabilit�e �a la pr�edation intraguilde. Par exemple, les
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peuplements de feuillus peuvent contenir des arbres avec une structure qui am�eliore la capacit�e des renards gris �a y
grimper, un comportement qui facilite probablement la coexistence avec les coyotes. Les efforts pour promouvoir les
populations de renards gris pourraient probablement b�en�eficier de l’augmentation de la quantit�e de forêt de chênes
et de caryers matures. En outre, la variabilit�e des r�esultats aux diff�erentes �echelles d’analyses soulignent l’importance
de consid�erer plusieurs �echelles spatiales dans les �etudes des communaut�es de carnivores.
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INTRODUCTION

Understanding community assembly and how ecologically similar
species can coexist is crucial to explaining species and functional
diversity (Chesson 2000, HilleRisLambers et al. 2012). Body size
has longbeen recognized as a crucial variable influencing intraguild
interactions and regulating coexistence (Hutchinson 1959,Wilson
1975, Case et al. 1983). Larger predators can capture and consume
prey too large for smaller predators. When foraging on the same
prey, however, smaller predators are predicted to be more efficient
and thereforemore likely to exclude larger predators than vice versa
(Persson 1985, Bagchi and Ritchie 2013). Larger predators may
overcome this disadvantage and turn the tables by exploiting their
body size in interference competition (Rosenzweig 1966, Vance
1984, Amarasekare 2002).
Intraguild predation, the most extreme form of interference

competition, is a key component in structuring carnivore
communities (Creel and Creel 1996, Henke and Bryant 1999,
Wise and Chen 1999). Empirical evidence of larger carnivores
killing smaller carnivores as intraguild prey has been documented
by many researchers (e.g., King 1989, Gese et al. 1996, Crooks
and Soul�e 1999, Henke and Bryant 1999). In this situation, the
balance of advantage between carnivore species will shift
temporally and spatially based on the size distribution and
abundance of prey as well as features influencing vulnerability to
intraguild predators. However, size-based interference competition
may be ameliorated by defensive adaptations and by niche or
taxonomic differences (King 1989, Gehrt and Prange 2007).

Documenting how intraguild interactions affect abundance
and distribution of animals requires assessing both autecologi-
cal habitat associations and responses to contraspecifics,
recognizing that these processes may operate at different
scales. A simple expectation would be for a species to be rare or
absent in areas where potential competitors or intraguild
predators are present, and such a clear negative association
has been observed in some cases (Manson et al. 1999, Young
et al. 2006, Gehrt et al. 2013). The opposite pattern—a
large-scale positive spatial association between negatively
interacting species—may be observed in heterogeneous land-
scapes, if species require similar habitat features or exploit the
same spatially varying food resources. In such cases, researchers
may need to explicitly account for scale- and species-
specific habitat patterns, before evidence of negative spatial
associations between species emerges. For instance, Wiens
et al. (2014) found that both northern spotted owls (Strix
occidentalis) and barred owls (Strix varia) selected for interior
old-growth forest in western Oregon, and the 2 species are
positively associated at the patch scale despite strong
interference competition (Yackulic et al. 2014). Only after
accounting for autecological habitat responses did small-
scale avoidance of barred owl core areas by spotted owls
become evident (Wiens et al. 2014, Yackulic et al. 2014).
Similarly, cheetahs (Acinonyx jubatus) show positive spatial
association with intraguild predators (lions, Panthera leo)
across habitat types but avoid proximity to individual lions
(Broekhuis et al. 2013).
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Negative intraguild interactions, particularly strong interfer-
ence competition, can also manifest themselves in altered habitat
use patterns in the presence of contraspecifics or temporal niche
partitioning to reduce risk of encounters (Mukherjee et al. 2009).
For intraguild prey, the presence of larger competitors can shift
the basis of habitat use from food to safety (Thompson and Gese
2007). In extreme cases, predators in the same guild could even
cause the occupancy by small but efficient competitors to become
negatively associated with gross food availability, as they persist
on the margins of habitats where food supply is too scant for
larger predators (e.g., African wild dogs, Lycaon pictus; Vanak
et al. 2013). Temporal avoidance can enable in situ coexistence by
intraguild predators (Carothers and Jaksic 1984, Di Bitetti et al.
2009) but could negate any advantage in foraging efficiency of
smaller carnivores by generating mismatch between their
foraging times and the times when prey are most available or
vulnerable.
The mesocarnivore guild in central North America presents an

opportunity to assess the relative importance of ecological
dissimilarity, intraguild interactions, and behavioral responses in
enabling coexistence. Coyotes (Canis latrans; 7.0–18.0kg), bobcats
(Lynx rufus; 4.1–15.3 kg), gray foxes (Urocyon cinereoargenteus;
3.0–7.0 kg), raccoons (Procyon lotor; 2.0–12.0 kg), red foxes (Vulpes
vulpes; 4.1–5.4kg), and striped skunks (Mephitis mephitis;
0.7–2.5 kg) occur sympatrically and compose the majority of the
mammalian carnivore guild throughout much of their geographic
ranges in North America, which suggests potential for interspecific
interactions (Gosselink et al. 2003,Chamberlain andLeopold 2005,
Constible et al. 2006, Riley 2006, McDonald et al. 2008). All 6
species have been studied extensively throughout North America
(see citations in Feldhamer et al. 2003 andWilson andMittermeier
2009) and they differ physiologically (e.g., metabolic rate,
respiration, temperature), in resource needs (e.g., ingestion rate,
home-range size), population growth, and population density
(Peters 1983, Gompper and Gittleman 1991). Putatively, the 6
species coexist through diet, spatial, and temporal partitioning
of resources; however, patterns of spatial and temporal co-
occurrence are poorly understood. If members of Carnivora occupy
different microhabitats, exhibit different diel activity cycles, or have
varied diets, direct interspecific interactions may be low even with a
high degree of space-use overlap (Bowers and Brown 1982,
Kronfeld-Schor and Dayan 2003, Davies et al. 2007).
All 6 mesocarnivores mentioned above use both open and

wooded habitats, but specific habitat selection patterns differ
among the species (Bixler and Gittleman 2000, Fedriani et al.
2000, Gosselink et al. 2003, Constible et al. 2006, Wilson and
Nielsen 2007). Coyotes more often select open grasslands, brush,
and fragmented forests (Litvaitis and Shaw 1980, Chamberlain
et al. 2000, Atwood et al. 2004, Randa and Yunger 2006, Kays
et al. 2008). Bobcats are mainly terrestrial, but will readily climb
trees, and select forested habitat, rocky mountainous areas, semi-
deserts, brush, and those areas with high prey density (Litvaitis
et al. 1986, Kolowski and Woolf 2002, Nielsen and Woolf 2002,
Woolf et al. 2002, Tucker et al. 2008). Similarly, gray foxes select
mature hardwood and brushy habitat in rocky or broken terrain
with abundant prey (Chamberlain and Leopold 2000, Temple
et al. 2010). To seek refuge from predators, gray foxes will often
climb trees, an unusual behavior for a canid that may permit

coexistence with coyotes (Yeager 1938, Haroldson and Fritzell
1984).
Raccoons, red foxes, and striped skunks thrive in human-

modified and urban habitats. Raccoons use a variety of habitats
and readily associate with human-derived resources (Prange et al.
2003). Human-derived foods can be more concentrated than
food in more natural habitats, thus raccoons have smaller, more
stable home ranges and occur at higher densities in urban settings
(Prange et al. 2004). In more natural settings, raccoons select
forest edges near agricultural land and streams, especially those
areas with higher concentrations of den and resting sites (Dijak
and Thompson 2000, Wilson and Nielsen 2007). Following
humans and gray wolves (Canis lupus), red foxes have the third
greatest natural distribution of any terrestrial mammal, and
inhabit a wide range of habitats including tundra, prairie,
farmland, forest, urbanized areas, and areas of highly diverse
vegetation (Jones and Theberge 1982, Dekker 1983, Adkins
and Stott 1998, Kurki et al. 1998, Van Etten et al. 2007).
To avoid coyote predation, red foxes may rely on human-
associated habitats as refugia (Gosselink et al. 2003). Striped
skunks use a wide range of habitats but appear to be most
associated with edge habitat and grasslands and readily use
human structures for denning and resting (Shirer and Fitch 1970,
Larivi�ere and Messier 1998, Bixler and Gittleman 2000).
Differences in prey and strategy of hunting, which may be

associated with habitat, may enable coexistence among carnivores
(Rosenzweig 1966). For example, canids typically use coursing
hunting strategies and are more adapted to open habitat, whereas
most felids are ambush and stalking predators and commonly use
dense habitats for hunting (Johnsingh 1992, Murray et al. 1995,
Husseman et al. 2003, Wilson and Mittermeier 2009). This
divergence in morphology and behavior may be driven by
competition, or the species may have diverged in isolation and
competition was important only when the species became
sympatric (Schluter 2000). Whatever the evolutionary impor-
tance of competition for character divergence, it affects
contemporary ecological species sorting, in which range overlap
is inhibited among similar species competing for the same
resource base (Davies et al. 2007). In North America, the
maximum numbers of sympatric canids and felids are 4 and 3,
respectively (Feldhamer et al. 2003). The carnivore community in
southern Illinois is devoid of large carnivores but represents the
most common carnivore guild in eastern North America.
Therefore, the spatial and temporal patterns in Illinois are likely
similar to patterns in other regions of the continent where these
species co-occur in the absence of large predators such as gray
wolves and cougars (Puma concolor).
The overlap in diet among species within this mesocarnivore

guild creates additional potential for interspecific interactions
(Schoonover and Marshall 1951; Toweill and Anthony 1988a,b;
Greenwood et al. 1999) although diet partitioning does occur in
many regions of North America, especially in the summer
(Litvaitis and Harrison 1989, Van Valkenburgh 1989, Cypher
1993, Azevedo et al. 2006). The guild also exhibits overlap in
daily activity patterns, because each species is mostly active during
nocturnal and crepuscular diel periods (Haroldson and Fritzell
1984, Doncaster and Macdonald 1997, Patterson et al. 1999,
Tigas et al. 2002, Atwood et al. 2004). Mammalian carnivores
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may adjust their daily activity pattern based on several factors,
including environmental conditions, interference from compet-
itors, behavioral thermoregulation, and prey availability
(Larivi�ere and Messier 1997, Pereira 2010).
Observations of interactions within Carnivora can provide

insight into coexistence and distribution (Andren 1994, Fedriani
et al. 2000, Crooks 2002, Andren et al. 2006). In the absence of
larger predators, coyote populations appear to be experiencing a
“mesopredator release” and are transitioning into an ecologically
pivotal role as the apex predator throughout much of North
America (Crooks and Soul�e 1999, Brashares et al. 2010).
Buskirk’s (1999) definition of a mesocarnivore included the size
(1–15 kg) and the functional role of the group in landscapes with
large carnivores. The description of a mesocarnivore may include
coyotes; however, it does not account for the extirpation of gray
wolves and thus the shifting functional role of coyotes as an apex
predator (Ritchie and Johnson 2009). Coyotes may limit the
abundance and distribution of smaller predators (especially foxes)
and primary prey species (Henke and Bryant 1999). Researchers
have directly observed coyotes killing and displacing foxes
(Sargeant and Allen 1989, Gese et al. 1996, Fedriani et al. 2000)
or inferred antagonistic interactions based on spatial segregation
between the species (Major and Sherburne 1987, Kitchen et al.
1999, Gosselink et al. 2003, Chamberlain and Leopold 2005).
Conversely, Neale and Sacks (2001a) found no evidence that gray
foxes avoided areas inhabited by coyotes and bobcats, so spatial
segregation within this guild is not universal. Coyotes negatively
influence populations of several fox species (Sargeant et al. 1987,
Cypher and Spencer 1998, Farias et al. 2005), and during
experimental removals of coyotes, fox populations have increased
(Henke and Bryant 1999, Kamler et al. 2003). With the increase
in coyote populations in North America (Gompper 2002,
Thornton et al. 2004), gray and red fox populations may decrease
as a result of increased intraguild predation and resource
competition by coyotes. Additionally, changes in the predator
community may indirectly facilitate the emergence of zoonotic
diseases. For example, coyotes serve as hosts for all stages of lone
star ticks (Amblyomma americanum), which have associated
pathogens linked with human disease (Childs and Paddock
2003). Although their data were correlative, Levi et al. (2012)
suggested that the reduction of fox populations caused by the
range expansion of coyotes can have cascading impacts to increase
small-mammal populations that are hosts for Lyme disease and,
therefore, may negatively affect human health.
The Illinois Archery Deer Hunter Survey (ADHS) adminis-

tered by the Illinois Department of Natural Resources (IDNR)
between 1992 and 2010 suggested that gray fox and red fox
populations were declining in Illinois, whereas bobcats and
coyotes were increasing. Hunters reported 81% and 58%
decreases in gray and red fox sightings, respectively (Bluett
2013). This apparent decline has resulted in the gray fox being
identified as a critical species in greatest need of conservation by
the Illinois Comprehensive Wildlife Conservation Plan and
Strategy (IDNR 2005). Recent research indicates that although
the distribution of gray foxes is relatively wide in southern
Illinois, gray foxes are scarce compared to bobcats and coyotes
(Cooper 2008, Nielsen and Cooper 2012). Furthermore, ADHS
data collected during 1992–2010 indicate increases in sightings of

31% and 480% for coyotes and bobcats, respectively (Bluett
2013). Bobcats and coyotes may dominate, kill, and displace
individuals of both fox species (Gese et al. 1996, Fedriani et al.
2000, Chamberlain and Leopold 2005, Farias et al. 2005,
Gosselink et al. 2007). Overall, these observations suggest that
intraguild interactions may be a contributing factor to the decline
of foxes in Illinois.
Considerable research has been conducted on these 6 carnivores in

Illinois (e.g., Storm 1972, Nielsen and Woolf 2002, Gosselink et al.
2003, Prange et al. 2004, Cooper et al. 2012) and throughout
North America; however, few large-scale occupancy-type surveys
and analyses have been conducted, especially for all the species
simultaneously (e.g., O’Connell et al. 2006). The importance of scale
in ecological research has been demonstrated repeatedly (Johnson
1980,Wiens 1989, Carroll et al. 2001, Bowyer and Kie 2006,Mayor
et al. 2009). For example,Hebblewhite andMerrill (2007) found that
elk (Cervus elaphus) can reduce predation risk by gray wolves with
large-scale migrations or fine-scale adjustments in space use. Beyond
predation risk, animals may make decisions on spatial distribution
beyond the scale of the home range, whereas feeding and resting sites
are selectedwithin ahome range and food items are selected at an even
smaller scale (Johnson 1980, Bowyer and Kie 2006).
Because carnivores play such a vital role in the broader

ecological community, it is critical to understand factors
influencing the structure and interactions at multiple scales
within this predator guild. Therefore, our objectives were to
quantify habitat-specific patterns of occupancy and co-
occupancy at multiple scales for the carnivore guild in a large
region of southern Illinois, an area with a carnivore community
similar to that found throughout the majority of the contermi-
nous United States. We hypothesized that the factors (habitat
features, species interactions, or both) that influence occupancy
would differ with scale of analysis and with the presence of
potential competitors, particularly for intraguild prey. We
expected landscape-level occupancy by each species would be
influenced by the amount of anthropogenic features, complexity
of the landscape (e.g., edge density, variation in patch size, patch
shape), or vegetative land cover of that area. We expected
occupancy of all species to be influenced by anthropogenic
features, predator avoidance, or prey availability, but that features
associated with prey availability would be least important
predictors of the occupancy of intraguild prey.
We predicted that bobcat occupancy would be strongly and

positively associated with forest land cover, and negatively related
to anthropogenic features and coyote presence (Fig. 1). Given
cursorial hunting techniques and human-related persecution, we
predicted that coyotes would have lower occupancy near
anthropogenic features and associate with highly complex
landscapes but be linked to habitat factors associated with prey
availability. We predicted that the spatial distribution of gray
foxes would be closely associated with forest cover but reduced
when bobcats, coyotes, and red foxes were present (Fig. 1). Red
foxes use urban landscapes for human-derived resources and
refugia, and are often killed by coyotes (e.g., Sargeant and Allen
1989, Gosselink et al. 2003), so we expected red foxes to have
higher rates of occupancy with anthropogenic features and lower
occupancy with the presence of bobcats, coyotes, and gray foxes
(Fig. 1). Furthermore, we predicted that when coexisting with
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bobcats and coyotes, both gray foxes and red foxes would adjust
activity patterns to reduce temporal overlap with the larger
carnivores (Fig. 1). We expected to find striped skunk occupancy
lower in the highly forested areas and relatively unaffected by the
presence of larger carnivores (Fig. 1). Likewise, we hypothesized
that raccoon activity would not differ based on the activity of
other carnivores, and based on ADHS information, we predicted
that raccoons would be fairly ubiquitous in the study area (Fig. 1).
To accomplish our objectives, we conducted a regional remote

camera survey and a 4-stage occupancymodeling (MacKenzie et al.
2002, 2003, 2004, 2006) approach to examine each of our
distribution hypotheses and thereby elucidate factors influencing
the spatial and temporal structure of the southern Illinois carnivore
guild.Wealsousedmultiple years ofoccupancydata toestimate site
colonization and extinction rates. In our analysis, we incorporated
local and landscape-level scalesof useby carnivores individually and
evaluated both habitat and co-occurrence patterns influencing the
spatial distribution of the 4 smallest species in the guild. We also
used the temporal detection data at a location to quantify species-
specificperiodsofhighactivity and theeffectof bobcats and coyotes
on theactivitypatternsof the4 smaller species (gray foxes, raccoons,
red foxes, striped skunks).

STUDY AREA

This study was conducted in Alexander, Franklin, Gallatin,
Hamilton, Hardin, Jackson, Johnson, Massac, Perry, Pope,
Pulaski, Randolph, Saline, Union, White, and Williamson
counties of southern Illinois (16,058 km2; Fig. 2). The study area
was human-dominated (approx. 21.5 persons/km2) and com-
prised portions of the Southern Till Plain, Wabash Border,
Shawnee Hills, Ozarks, Lower Mississippi River bottomlands,
and Coastal Plain natural divisions of Illinois (Schwegman 1973,
Neely and Heister 1987). The Shawnee National Forest
(1,074.91 km2), Crab Orchard National Wildlife Refuge
(177.62 km2), Cypress Creek National Wildlife Refuge

(61 km2), 6 Illinois State Parks, and 15 other state-
managed public natural areas were located within the study
area. Streams and roads were abundant on the landscape with
densities of approximately 1.1 km/km2 and 1.5 km/km2, respec-
tively. Elevation ranged from 92m to 316m, with a mean slope of
6.6˚. During the study period (January–April), the mean
temperature was 5.4� 0.4˚C (�SE throughout) with average
precipitation of 2.6� 0.2 cm per week (National Oceanic and
Atmospheric Administration [NOAA] 2010). The study area
was dominated by light-colored Alfisols that developed beneath
deciduous forest vegetation (Fehrenbacher et al. 1984). Highly
productive dark-coloredMollisols were found in the bottomlands
near the Mississippi and Ohio rivers and were associated with
cropland. Throughout the study area, Entisols were found in
sandy floodplains along riparian areas and on slopes prone to
erosion (Barnhardt 2010). Soil parent materials were mainly loess
followed by alluvium and outwash (Fehrenbacher et al. 1967).
Land cover of the central portion of the study area consisted
primarily of closed-canopy mixed hardwood forests (21% of study
area; primarily Acer, Carya, and Quercus spp.) with primary
ownership by the Shawnee National Forest (Fig. 2; Luman et al.
1996). The northern region and areas along large rivers were
dominated by agriculture cropland (44%; Fig. 2), which was non-
irrigated land under annual crops and may have temporarily been
left fallow. The crops were primarily rotations of corn (Zea mays),
soybeans (Glycine max), and winter wheat (Triticum aestivum).
The remaining land cover of the study area comprised grassland
(20%; primarily cattle pasture and hay fields), wetlands (8%),
open water (3%), and urban (4%; Fig. 2; IDNR 1996).

METHODS

Site Selection
Using ArcGIS 9.3 (Environmental Systems Research Institute,
Redlands, CA) and township and range political boundaries, we
divided the study area into 2.6-km2 political sections to be
surveyed by stratified random sampling (Illinois State Geological
Survey [ISGS] 2004a). Sections were delineated as part of the
public land survey system, which was ordered by the Land
Ordinance of 1785 and Northwest Ordinance of 1787 (United
States Department of the Interior 2008). We used the 2005
United States Geological Survey’s (USGS) National Land Cover
Database (USGS 2007) and ArcGIS 9.3 to determine the
percentage of forest cover within each section of the study area.
We eliminated sections with<11% forest cover and stratified the
remaining sections by the percentage of forest cover in 10%
increments because bobcats and gray foxes are unlikely to occupy
areas with little forest cover (Chamberlain and Leopold 2000,
Nielsen and Woolf 2002) and because we were particularly
interested in the effects of woodlands on the carnivore
community. We then randomly selected 360 potential sample
sections among increments proportional to the total number of
sections within each increment.
We determined ownership of forested areas within each section

using county plat books and land cover data (Fig. 2). We
requested permission to conduct carnivore surveys from private
landowners or management authorities controlling potential
survey locations. If access was not granted or possible, we

Figure 1. Conceptual model of expected direction of negative intraguild
interactions manifested as spatial or temporal activity adjustment by the
subordinate species. Our predictions assume that all autecological habitat
responses are accounted such that segregation is a product of avoidance rather than
simply differences in habitat selection.
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identified a nearby section with a similar percentage of forest
cover to request access. We gained access and conducted
carnivore surveys in 357 sections during January–April
2008–2010 (Fig. 2). We chose to survey during these months
because of constrained access to land during fall hunting seasons
and reduction in carnivore detectability during summer
(O’Connell et al. 2006, Hackett et al. 2007, Crimmins et al.
2009). Within forested areas of each selected section, we placed
cameras at 3–4 locations (�250m apart) composing a camera
cluster (1,188 total camera locations, 357 camera clusters).

Field Methods
Remote cameras.—To detect carnivores at each camera

location, we used 1 digital remote camera (Cuddeback Excite
[2.0 megapixel] or Capture [3.0 megapixel], Non Typical, Inc.,
Park Falls, WI) with passive infrared sensors (requiring both heat
and motion to trigger photographic event) and incandescent flash
illumination. We used remote cameras because the method has
been successful to detect many carnivores in various habitats and
climates (Maffei et al. 2004, Linkie et al. 2008, Vine et al. 2009,
Nielsen and McCollough 2009, Reed 2011). Conducting
simultaneous surveys for multiple species can provide insight
into spatial and temporal co-occurrence patterns and inform
inferences about interspecific interactions and potential causes of
changes in mesopredator populations (MacKenzie et al. 2004,
Olson et al. 2005,O’Connell et al. 2006).Multispeciesmonitoring
efforts are hindered because carnivores have broad differences in

body size and morphology that often require species-
specific sampling methods, which create financial and temporal
constraints (Field et al. 2005). For example, covered track plates are
effective for small carnivores (Hackett et al. 2007, Lesmeister et al.
2013) but are ineffective for detecting coyotes (Hackett 2008, Kays
et al. 2008). Remote cameras have been identified as the most
appropriate detection method for medium size and large mammal
surveys in most environments (Silveira et al. 2003) and are used as
the method to evaluate the effectiveness of other survey methods
(Comer et al. 2011). Remote cameras can be used to quantify
occupancy within various habitat types for multiple species and
patterns of spatial co-occurrence within a mesocarnivore guild
(Davis et al. 2010b, O’Connell and Bailey 2010, Reed 2011,
Sollmann et al. 2012). Furthermore, remote cameras record the
date and time of photographs, and thus can be used to elucidate
activity patterns of detected species.
We deployed 3–4 cameras in a political section to enable spatial

hierarchical analyses of habitat with camera locations being the
local scale and grouping of cameras being the cluster scale.
Animals typically have a hierarchical nature of habitat selection
with 4 orders of selection (Johnson 1980). We used individual
camera locations to represent third-order selection (usage of
habitat components within the home range) and camera clusters
to represent second-order selection (features of an animal’s entire
home range).
We randomly selected camera locations �250m apart within a

section in woody or brushy cover to promote maximum coverage

Figure 2. Land-cover classifications and 357 sections (2.6 km2) surveyed using remote cameras in the 16 southernmost counties of Illinois, USA, January–April 2008–
2010. We surveyed 60 sections in 2008 and 2010 and surveyed 297 sections once.
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and independence of camera locations (Kays and Slauson 2008).
Once we selected a random location for a camera location, we
secured cameras to trees (with braided steel cable and padlocks)
approximately0.5moffground.Whengametrailswerepresent,we
pointed the camera toward the trail to maximize detection
probability. We baited cameras with sardines and fatty acid scent
disks (U.S. Department of Agriculture Pocatello Supply Depot,
Pocatello, ID)placed approximately 2m in frontof each camera.At
each camera location, we recorded Universal Transverse Mercator
(UTM) coordinates and set cameras to be active 24 hours each day
with a 1-minute delay between photographs. The remote cameras
recorded date and time of each photograph. We visited camera
locations weekly for 3 weeks to rebait and collect digitally recorded
photographs, resulting in 3 1-week sampling periods for a survey.
After we collected photographs, we identified carnivore species
based on coloration and body shape, and extracted date and time
data for each photograph.We also used photographs to determine
the presence of other endothermic animals. We removed cameras
after 3 weeks and redeployed them to locations in other sections
We surveyed 117 sections with 4 cameras in each section in

2008 (n¼ 468 total camera locations) and randomly selected 60
of those sections to survey again in 2010. In a preliminary analysis
of detection probability (at the scale of the camera cluster) for
each focal species with random removals of 1, 2, and 3 camera
locations from each camera cluster, we observed no difference in
detection probability or variance between 3 and 4 camera
locations per camera cluster (D. Lesmeister, Southern Illinois
University, unpublished data). Therefore, in 2009, we deployed 3
cameras in each of 157 sections (n¼ 471 camera locations), which
increased camera-cluster sample size over 2008 with similar total
cameras deployed. In 2010, we deployed 3 cameras in each of 83
new sections (249 camera locations) and 4 cameras in the same 60
sections (240 camera locations) from 2008. We used the camera
clusters surveyed in both 2008 and 2010 to inform multi-
season occupancy models (MacKenzie et al. 2003, 2006).

Habitat characteristics.—We used habitat metrics from
various spatial scales to parameterize species-specific occupancy
models. At the local scale, we used metrics within a 10-m buffer
around each camera location to build third-order habitat
occupancy models for each species (Table 1). At each camera
location, we recorded ownership (public or private) and measured
8 microhabitat variables using methods similar to those used by
Lesmeister et al. (2008) for eastern spotted skunk (Spilogale
putorius) den and resting site selection. Originating at the camera,
we established 4 10-m transects in cardinal directions and
measured coarse woody debris and stem density along transects
(Table 1). We measured total basal area, hardwood basal area,
and slope at each camera. Using ArcGIS 9.3, we measured
distance to nearest paved road (ISGS 2004b) and permanent
stream or shoreline (IDNR 1994; Table 1). We digitized human
structures using 2005 Illinois Digital Orthophotography
Quadrangle (DOQ) files and measured distance from each
camera location to the nearest human structure (ISGS 2005).
At the camera-cluster scale, we used a combination of broad-

scale habitat metrics from remotely sensed landscape layers to
model second-order habitat selection for each species (Table 1).
We measured habitat metrics at or within buffers around each

camera location, and then we averaged data from the camera
locations within each camera cluster. We created 2 buffers (100%
and 20% of estimated home-range size for each species)
surrounding each camera location and averaged habitat variables
measured within each buffer size across the locations within each
camera cluster. Throughout we refer to 20% of home-range size,
recognizing it does not represent the expected core-area use by a
species, but rather 20% of the 100% estimated home-range size.
Further, the size of these buffers determined the scale at which
the covariates are measured, and are distinguished from the scale
of our camera-cluster sampling units. Carnivore home-
range sizes differ based on species body size and diet, where
larger and more carnivorous species typically have larger home
ranges (Peters 1983, Gompper and Gittleman 1991). We used
home-range size estimates reported by Nielsen and Woolf
(2001a) for bobcats (18.15 km2), Cooper (2008) for gray foxes
(2.75 km2), Gosselink et al. (2003) for coyotes (21.90 km2) and
red foxes (7.09 km2), and Prange et al. (2004) for striped skunks
(2.75 km2). Buffer radii representing 100% and 20% of home
ranges were 2.4 km and 1.1 km (bobcat), 2.6 km and 1.2 km
(coyote), 0.9 km and 0.4 km (gray fox and striped skunk), and
1.5 km and 0.7 km (red fox), respectively.
We used ArcGIS 9.3 to measure distances from each camera

location to the 4 nearest anthropogenic features (i.e., municipal-
ity boundary, major road, minor paved road, human structure)
and used the average distance for camera-cluster-scale analyses.
Within 100% and 20% of home-range buffers, we calculated the
density of major roads, minor paved roads, and human structures
for each camera location and averaged values for each camera
cluster. We used US census data from 2000 for incorporated
municipality boundaries (ISGS 2006), Illinois DOQ files from
2005 (ISGS 2005) for digitized human structures, and Federal
Highway Administration data (FHWA 2000) for road classifi-
cation. Additionally, we measured the density of streams within
buffer areas. Using FRAGSTATS 3.3 (McGarigal et al. 2002)
and land cover data (USGS 2007), we quantified an additional 33
remotely sensed habitat variables within buffers surrounding each
camera location. To address multicollinearity among variables,
we used cluster analysis (PROC VARCLUS) in SAS (SAS
Institute, Inc., Cary, NC) to identify and eliminate correlated
variables, which resulted in 19 remotely sensed habitat variables
used in subsequent analyses (Table 1). Based on literature for the
ecology of focal species, we predicted the direction of effects of
habitat and survey variables on species detection and occupancy
(Table 1).

Data Analysis
We incorporated detection probabilities (p) in estimates of
habitat occupancy (c), co-occurrence (f), camera-cluster
colonization (g), and camera-cluster extinction (e) patterns
among bobcats, coyotes, gray foxes, raccoons, red foxes, and
striped skunks. In a 4-stage modeling approach, we used
information-theoretic methods to 1) estimate species-specific-
detectability (p) and model factors influencing it; 2) compare
support for a priori models that represented 2 primary sets of
hypotheses (anthropogenic features and larger predator avoid-
ance, prey availability) for occupancy at the local scale (clocal) and
3 primary sets of hypotheses (anthropogenic features, landscape
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Table 1. Survey, camera location, and camera cluster explanatory variable codes, descriptions, and expected direction of effect (positive [þ], negative [�], no effect
[0], not applicable [n/a]) on detectability or occupancy of bobcat, coyote, gray fox, red fox, and striped skunk during January–April 2008–2010 in the 16 southernmost
counties of Illinois, USA. Included are survey variables to inform detection probability (p) models, and camera-location and camera-cluster occupancy (c) models.
We measured camera-cluster variables within 2 buffer sizes for each species (100% and 20% of estimated home-range size) around each camera location and averaged
across the 3–4 camera locations composing each cluster.

Expected result

Variable Description Bobcat Coyote Gray fox Red fox Skunk

PRECIPa Sum of precipitation recorded during survey week at nearest National
Weather Service station

� � � � �

TEMPa Average temperature recorded during survey week at nearest
National Weather Service station

� � � � �

TEMP� PRECIPa Interaction of average temperature and sum of precipitation recorded
during survey week at nearest National Weather Service station

� � � � �

INTa Survey week-specific intercept; detection probability calculated for
each week of survey

n/a n/a n/a n/a n/a

PREVDETa Previous photograph recorded at a camera location during a previous
survey

� � þ þ þ

MONTHa Month survey was conducted (Jan was reference); months for
comparison: February, March, April

� � � � �

YEARa Year survey was conducted (2008 was reference); years for
comparison: 2009, 2010

þ þ þ þ þ

BAb Tree basal area measured in m2/ha at remote camera þ � þ � �
HWb Percentage of basal area at remote camera that were hardwood trees þ þ þ þ þ
CWDb Number of coarse woody debris �10-cm diameter counted within

1m of 4 10-m cardinal direction transects from remote camera
þ þ þ þ þ

SLOPEb Degree (˚) slope measured at remote camera location þ � þ � �
STEMb Number of woody stems �1.5m tall counted within 1m of 4 10-

m cardinal direction transects from remote camera
� � þ þ �

DTSTRM Distance (m) to nearest linear water feature (streams and rivers) � � � � �
DTMU Distance (m) to nearest municipality þ þ 0 � �
DTMJRDc Distance (m) to nearest major road (interstate highways and arterials) þ þ 0 � �
DTRDc Distance (m) to nearest minor paved road (collectors and local roads) þ þ 0 � �
DTST Distance (m) to nearest human structure þ þ 0 � �
MJRDHAc Length (m) of major road (interstate highways and arterials) per

hectare
� � 0 þ þ

RDHAc Length (m) of minor paved road (collectors and local roads) per
hectare

� � 0 þ þ

STHA Number of human structures per hectare � � 0 þ þ
PRIVATE Ownership (public or private) of remote camera location (reference is

public ownership)
� � 0 þ þ

URPD Number of urban patches per hectare � � 0 þ þ
URPL Percentage camera-cluster buffer comprises urban patches � � 0 þ þ
ARCV Patch area coefficient of variation: standard deviation/mean patch

size (ha)
� þ � þ þ

ED Total length (m) of patch edge per hectare � þ � þ þ
SDI Simpson’s diversity index, proportional abundance of each patch type � þ � � þ
FORSI Forest shape index, mean perimeter-to-area ratio of patch, increases

as patch becomes less compact
� þ � þ þ

GRSI Grassland shape index, mean perimeter-to-area ratio of patch,
increases as patch becomes less compact

� þ � þ þ

STRMHA Length (m) of stream per hectare þ þ þ þ þ
WASI Water shape index, mean perimeter-to-area ratio of patch, increases

as patch becomes less compact
þ þ þ þ þ

WESI Wetland shape index, mean perimeter-to-area ratio of patch,
increases as patch becomes less compact

þ þ þ þ þ

AGCL Agriculture clumpiness (fragmentation) index, range: �1 (patch
maximally disaggregated) to 1 (patch maximally clumped)

þ þ þ þ �

AGPL Percentage camera-cluster buffer comprises agriculture patches � þ � þ þ
FORPI Forest proximity index, mean sum of forest patch size (ha) divided by

the squared distance (m) from focal patch
þ þ þ þ �

FORPL Percentage camera-cluster buffer comprises forest patches þ � þ � �
GRPI Grassland proximity index, mean sum of forest patch size (ha)

divided by the squared distance (m) from focal patch
� þ � þ �

GRPL Percentage camera-cluster buffer comprises grassland patches � þ � þ þ
a Survey-specific variable used in detection probability models.
b Field-measured habitat variable for camera-location occupancy models.
c U.S. Department of Transportation road classifications (FHWA 2000).
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complexity, vegetative land cover) to explain patterns of
occupancy at the camera-cluster scale (ccluster) of each species
individually (bobcats, coyotes, gray foxes, red foxes, and striped
skunks; Table 2); 3) examine factors that may influence co-
occurrence among these species; and 4) estimate rates of and
factors affecting colonization and extinction between 2008 and
2010 for each species at the camera-cluster scale. Raccoons were
not included in occupancy analyses because they were detected at
nearly all camera clusters (see Results).
Incorporating detection probabilities in site occupancy surveys

provides the most appropriate methodology for conducting
effective wildlife inventories and subsequent monitoring at large
spatial scales (O’Connell et al. 2006, Karanth et al. 2011,
Lesmeister and Nielsen 2011). Although some studies have
shown similar results between logistic regression models (without
accounting for detection probabilities) and occupancy models
(e.g., Oryzomys palustris; Eubanks et al. 2011), those results are
likely driven by the high detection probability of the species. For
species with low to moderate detection probabilities, this finding
likely will not hold true. It has been demonstrated repeatedly that
incorporating imperfect detection can alter forecasted population
trends and estimated species distributions (Gu and Swihart 2004,
Field et al. 2005, Martin et al. 2005, Rota et al. 2011). Further,
little is known about the factors (e.g., season, weather, attraction
to bait, avoidance of detection device) that may influence a
researcher’s ability to detect the focal carnivores.
Detection of carnivores is imperfect and likely varies among

species and sites. Therefore, we used single-species models in
Program PRESENCE 3.1 (MacKenzie et al. 2002, 2006, Hines
2006) to estimate the probability of detection and occupancy for
each species. The method involves estimating p by visiting sites
multiple times during a period when site occupancy does not
change, and during each visit the target species is either detected,
which requires occupancy and occurs with probability c� p, or
not detected. Non-detection during a visit arises when either the
species is present but not detected (c� [1� p]) or when it is
absent (1�c). The photographic history for a site during our 3
1-week sampling periods permitted the estimation of p, which
was incorporated into probabilistic models of occupancy for each
species (MacKenzie et al. 2006).
We used a logit link function to model c and p with covariates

that varied among camera locations and camera clusters for each
rate parameter (c and p) in each stage of analysis. For each model
set, we ranked models based on their Akaike’s Information
Criterion (AIC) values and model weights (w; Burnham and
Anderson 2002, MacKenzie et al. 2006). We present only the
models �2 AIC of top model but considered the top-
ranked models composing 0.90 cumulative w (i.e., the 90%
confidence set) for interpretation (see appendices for full model
sets). We calculated p and c estimates for each species at camera
location and camera-cluster scales. Given that data collected at a
camera cluster integrated data collected at each within-
cluster camera location, estimates of p and c at the camera-
cluster scale were necessarily greater than estimates at the local
scale. We standardized all continuous covariates to z-scores prior
to analysis, so we interpreted model b coefficients as the change
in the log-odds ratio of occupancy relative to 1 standard deviation
change in the covariate from its mean (Cooch and White 2005).

Table 2. Structure of a priori habitat models used to explain and predict local
(camera location) and camera-cluster occupancy by bobcats, coyotes, gray foxes,
red foxes, and striped skunks during January–April 2008–2010 in the 16
southernmost counties of Illinois, USA. Models are arranged by the scale of
analysis and the primary hypotheses regarding the influence of habitat attributes
on carnivore occupancy.

Hypothesis (scale)a Modelb

AF-PRED (local) b0þb1(STEM)þ b2(SLOPE)þb3(DTRD)
þb4(DTST)þ b5(PRIVATE)

AF-PRED (local) b0þb1(STEM)þ b2(DTRD)þ b3(DTST)
AF-PRED (local) b0þb1(STEM)þ b2(SLOPE)þb3(DTRD)
AF-PRED (local) b0þb1(STEM)þ b2(DTST)þb3(PRIVATE)
AF-PRED (local) b0þb1(DTRD)þb2(DTST)þ b3(PRIVATE)
AF-PRED (local) b0þb1(STEM)þ b2(SLOPE)
AF-PRED (local) b0þb1(DTST)þ b2(PRIVATE)
AF-PRED (local) b0þb1(DTRD)þb2(DTST)
AF-PRED (local) b0þb1(STEM)
AF-PRED (local) b0þb1(DTRD)
AF-PRED (local) b0þb1(DTST)
AF-PRED (local) b0þb1(PRIVATE)
PREY (local) b0þb1(BA)þb2(HW)þ b3(CWD)þ b4(DTSTRM)
PREY (local) b0þb1(BA)þb2(HW)þ b3(CWD)
PREY (local) b0þb1(HW)þb2(CWD)þb3(DTSTRM)
PREY (local) b0þb1(BA)þb2(HW)
PREY (local) b0þb1(BA)þb2(CWD)
PREY (local) b0þb1(CWD)þ b2(DTSTRM)
PREY (local) b0þb1(HW)þb2(CWD)
PREY (local) b0þb1(HW)
PREY (local) b0þb1(CWD)
AF (camera-cluster) b0þb1(STHA)þb2(RDHA)þb3(MJRDHA)

þb4(URPL)þb5(URPD)
þb6(DTMJRD)þb7(DTST)þb8(DTRD)
þb9(DTMU)þb10(PRIVATE)

AF (camera-cluster) b0þb1(STHA)þb2(RDHA)þb3(URPL)
þb4(URPD)þb5(DTST)
þb6(DTRD)þb7(DTMU)þ b8(PRIVATE)

AF (camera-cluster) b0þb1(STHA)þb2(RDHA)þb3(URPL)
þb4(DTMJRD)þb5(DTST)
þb6(DTRD)þb7(DTMU)

AF (camera-cluster) b0þb1(STHA)þb2(RDHA)þb3(DTMJRD)
þb4(DTST)þ b5(DTRD)

AF (camera-cluster) b0þb1(RDHA)þ b2(DTRD)þb3(DTMJRD)
þb4(MJRDHA)

AF (camera-cluster) b0þb1(STHA)þb2(RDHA)þb3(DTST)
AF (camera-cluster) b0þb1(URPL)þ b2(URPD)þb3(DTMU)
AF (camera-cluster) b0þb1(RDHA)þ b2(DTRD)þb3(DTMJRD)
AF (camera-cluster) b0þb1(STHA)þb2(RDHA)
AF (camera-cluster) b0þb1(STHA)þb2(DTST)
AF (camera-cluster) b0þb1(RDHA)þ b2(DTRD)
AF (camera-cluster) b0þb1(STHA)þb2(PRIVATE)
AF (camera-cluster) b0þb1(URPL)þ b2(URPD)
AF (camera-cluster) b0þb1(RDHA)
AF (camera-cluster) b0þb1(STHA)
AF (camera-cluster) b0þb1(URPL)
LC (camera-cluster) b0þb1(ED)þb2(ARCV)þ b3(SDI)þb4(FORSI)

þb5(GRSI)þb6(WASI)þ b7(WESI)
þb8(STRMHA)

LC (camera-cluster) b0þb1(ARCV)þ b2(SDI)þb3(FORSI)þb4(GRSI)
LC (camera-cluster) b0þb1(ED)þb2(GRSI)þ b3(FORSI)þ b4(ARCV)
LC (camera-cluster) b0þb1(WASI)þb2(WESI)þb3(STRMHA)
LC (camera-cluster) b0þb1(ED)þ 2(ARCV)þ b3(SDI)
LC (camera-cluster) b0þb1(GRSI)þ b2(FORSI)
LC (camera-cluster) b0þb1(ED)þb2(ARCV)
LC (camera-cluster) b0þb1(ED)þb2(SDI)
LC (camera-cluster) b0þb1(ED)
LC (camera-cluster) b0þb1(STRMHA)
VEG (camera-cluster) b0þb1(AGCL)þb2(FORPL)þ b3(FORPI)

þb4(GRPL)þb5(GRPI)
VEG (camera-cluster) b0þb1(FORPL)þb2(FORPI)þ b3(GRPL)

þb4(GRPI)
VEG (camera-cluster) b0þb1(FORPL)þb2(FORPI)þ b3(GRPL)

(Continued)
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We used the MacKenzie and Bailey (2004) goodness-of-
fit procedure with 1,000 parametric bootstraps to assess how
well the fitted global model represents the data for each species in
stages 1 and 2 of modeling. We followed the Burnham and
Anderson (2002) method to address model selection uncertainty
by calculating model-averaged estimates of p, c, and b

coefficients, and their associated standard error for models in
the 90% confidence set as:

b�u ¼
XR
i¼1

wiubi
where b�u is the model averaged estimate of the coefficient, wi is
computed from AIC values for R candidate models containing
the specific predictor variable, and b�u i is the estimator of the
coefficient for a specific variable in model i. We calculated
unconditional standard errors for model averaged coefficients
using:

SE b�u� �
¼

ffiffiffiffiffiffifficvarp bu� �
;

where

cvarðb�uÞ ¼ XR
i¼1

wi

ffiffiffiffiffiffifficvarp
ðubiÞ þ ubi� b�u� �2

" #2

:

Detectability.—We held occupancy constant (i.e., unaffected
by site features; this null model is designated as c (.)) for stage 1
(detectability modeling), and modeled species-specific p as a
function of several variables that may influence an animal’s
activity or a researcher’s ability to detect the species (Table 1).
The assumption that animals move independently of cameras
might be violated if animals develop shyness, caused by avoidance
of either the flash of remote cameras or the cameras themselves
(S�equin et al. 2003, Wegge et al. 2004, Jackson et al. 2006).
Alternatively, animals may increase visits to camera locations over
time because they are attracted to bait. Trends in photographic
rate over time (either increases or decreases) also could result
from factors unrelated to behavioral response to the camera or
bait. Consequently, we modeled p for each species on the basis of
detection of that species at the camera location on a previous visit
(yes/no) during the 3-week survey of the same year, total
precipitation, mean temperature, interaction of precipitation and
temperature, month of survey, year of survey, and a separate
intercept for each week of the 3-week survey (Table 1). Including
a week-specific intercept allowed p to vary among the 3 1-
week sample periods, which estimated differences between the
detection probabilities of survey weeks. We used precipitation
and temperature data recorded during each week at the nearest
National Weather Service climatological station (NOAA 2010).
We considered the null model [p(.)], where detection probability
was held constant and equal for all survey weeks, in the model set
to provide a reference for the relative strength of survey covariates
to explain heterogeneity in detection probabilities. We used the
best-supported (lowest AIC) species-specific p model for all
subsequent stages of analysis.

Single-species occupancy.—We fit a priori occupancy models
to species-specific photographic histories and habitat covariates
after identifying the best-supported p model for each species.
Occupancy models included various combinations of landscape
and vegetation characteristics that may affect c (Table 2). We
repeated this procedure for each species to model occupancy at
the local scale (clocal), measuring habitat characteristics near each
camera location, and twice at the camera-cluster scale (ccluster),
measuring habitat characteristics within buffers representing
100% and 20% of home ranges. We included the null occupancy
model [c(.)] in each model set to compare parameter estimates
and provide a reference to determine the relative strength of
habitat covariates used in other models (Boulinier et al. 1998).
We developed 2 general hypotheses concerning local habitat

features driving occupancy of focal species at the scale of the
camera location (local). The first hypothesis was a combined
effect of anthropogenic features and predator avoidance (AF-
PRED) because some habitat features likely serve multiple
purposes for carnivores. For example, red foxes may associate
with anthropogenic features because of human-derived resources
and refugia from coyotes. We expected bobcat and coyote
occupancy to be negatively related to variables associated with
anthropogenic features and predator avoidance, and the 4 smaller
carnivores to be either unaffected or positively associated with
those habitat features. For example, red foxes may use urban
landscapes to reduce predation by coyotes. To capture that
potential effect, we included distance to roads and human
structures, as well as private versus public ownership as variables

Table 2. (Continued)

Hypothesis (scale)a Modelb

VEG (camera-cluster) b0þb1(FORPL)þ b2(GRPL)
VEG (camera-cluster) b0þb1(FORPL)þ b2(FORPI)
VEG (camera-cluster) b0þb1(GRPL)þb2(GRPI)
VEG (camera-cluster) b0þb1(AGPL)
VEG (camera-cluster) b0þb1(FORPL)
VEG (camera-cluster) b0þb1(GRPL)

a STEM, number of woody stems along 4 10-m transects from remote camera;
SLOPE, Slope measured at remote camera location; DTRD, distance to
nearest minor paved road; DTST, distance to nearest human structure;
PRIVATE, ownership (public or private) of remote camera location; BA, tree
basal area measured in m2/ha at remote camera; HW, percentage of basal area
at remote camera that were hardwood trees; CWD, number of coarse woody
debris �10-cm diameter along 4 10-m transects from remote camera;
DTSTRM, distance to nearest linear water feature; STHA, number of human
structures per hectare; RDHA, length of minor paved road per hectare;
MJRDHA, length of major road per hectare; URPL, percentage camera-
cluster buffer comprises urban patches; URPD, number of urban patches per
hectare; DTMJRD, distance to nearest major road; DTMU, distance to
nearest municipality; ED, total length of patch edge per hectare; ARCV,
patch area coefficient of variation: standard deviation/mean patch size; SDI,
Simpson’s diversity index, proportional abundance of each patch type;
FORSI, forest shape index, mean perimeter-to-area ratio of patch; GRSI,
grassland shape index, mean perimeter-to-area ratio of patch; WASI, water
shape index, mean perimeter-to-area ratio of patch; WESI, wetland shape
index, mean perimeter-to-area ratio of patch; STRMHA, length of stream per
hectare; AGCL, agriculture clumpiness (fragmentation) index, range:�1 to 1;
FORPL, percentage camera- cluster buffer comprises forest patches; FORPI,
forest proximity index; GRPL, percentage camera-cluster buffer comprises
grassland patches; GRPI, grassland proximity index; AF-PRED, anthropo-
genic features and larger predator avoidance; PREY, prey availability; AF,
anthropogenic features; LC, landscape complexity; VEG, vegetative land
cover.

b The structure of each model followed the logit function:
ĉ ¼ ðexpðb0 þ b1 þ :::þ bkÞÞ=ð1þ expðb0 þ b1 þ :::þ bkÞÞ, where ĉ¼
estimated occupancy and k¼ number of model covariates.
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(Table 2). We hypothesized that camera locations with higher
woody stem density would enhance protection for gray foxes and
red foxes from larger predators; therefore, we included it in
models representing the AF-PRED hypothesis. We predicted
gray foxes would use sites with greater slope (e.g., vertical rock
outcroppings and greater number of underground burrows) to
provide additional avenues to escape coyote predation.
We expected occupancy for all carnivores to be positively related

to habitat features associated with the second hypothesis at the
local scale, which was habitat structure and prey availability
(PREY).We did not directly measure prey density at sites; rather,
variables of habitat structure that prey species likely associate with
in winter. Structural and landscape variables can be used to
approximate the abundance of small mammals (e.g., Pearson
and Ruggiero 2001), which are the primary prey of Midwestern
carnivores in winter. We acknowledge that small-mammal
abundance is governed by many factors, and that the use of
habitat conditions is only a crude approximation of their
abundance. We used 4 habitat structure variables that were
likely associated with prey availability and direct species-
habitat associations (Table 2). The majority of conifer stands
in the study area were lightly managed shortleaf pine (Pinus
echinata) stands planted in the 1930s or dominated by eastern red
cedar (Juniperus virginiana). Compared to conifer stands, we
predicted that hardwood stands would have higher abundance of
small mammals because of hard mast availability; therefore, all
carnivores would have higher occupancy in hardwood stands
(Table 1). Because coarse woody debris is an important habitat
component for many taxa used as prey by carnivores (Loeb 1999,
Bunnell and Houde 2010), we hypothesized that more dead
organic matter availability would be associated with higher
biodiversity (Freedman et al. 1996) and small-mammal prey
availability, thus higher carnivore occupancy (Table 1). Based on
direct species-habitat associations, we predicted bobcats and gray
foxes to be more associated with mature forest (greater basal area)
than the other species. We expected stream corridors to have
higher prey abundance and richness (Doyle 1990, Spackman and
Hughes 1995); therefore, we expected carnivore occupancy to
decrease with distance from streams.
We generated 3 general hypotheses concerning habitat features

within buffers surrounding cameras that may influence occupancy
of focal species at the camera-cluster scale. The first hypothesis,
represented by 10 variables (Table 2), was that red fox and striped
skunk occupancy would be associated with anthropogenic
features (AF), whereas gray foxes would be relatively unaffected
(Table 1). Although bobcats and coyotes are well adapted and are
increasing in human-dominated environments, we hypothesized
that occupancy of these species would be lower near anthropo-
genic features (Nielsen andWoolf 2001b). Because of their ability
to adapt to urban landscapes, we expected red foxes and striped
skunks to have higher occupancy on private land and in camera
clusters with a greater density of human structures, roads, and
urban patches within buffered areas. As distance to roads,
structures, and municipalities increased, we expected red fox and
striped skunk occupancy to decrease. For each AF variable, we
predicted the opposite direction of effect for bobcats and coyotes.
The second hypothesis was represented by the effect of up to 8

landscape complexity (LC) variables in a model (Table 2). We

expected that association with those variables would differ among
species, but rather than related to body size, we hypothesized
differences would be driven by variation in general association
with highly fragmented landscapes and selection for specific cover
types. Compared to bobcats and gray foxes, we predicted that
the more habitat generalists—coyote, raccoon, red fox, striped
skunk—would be more associated with the ecotones of
heterogeneous landscapes (Crooks 2002, Tattersall et al. 2002,
Riley et al. 2003, Gorini et al. 2012).
The third camera-cluster hypothesis was represented by 5

vegetative land cover (VEG) variables. We expected bobcats and
gray foxes to have higher occupancy in camera clusters
surrounded by less agricultural land and grassland, and more
forest. Coyotes, red foxes, and striped skunks appear to use open
land more than bobcats or gray foxes, so we predicted the
opposite pattern for these 3 species.
Tomap predicted occupancy based on habitat for each species at

the 100% home-range scale, we model-averaged coefficient
estimates for each model in the 90% confidence set for a given
species. We calculated probability of occurrence for each 1-
ha grid cell in the study area using the model-specific coefficient
estimates and covariate information for that grid cell. We then
multiplied grid cells by the w of the specific model. We repeated
this process for each model in the 90% set, and summed the
resulting values for the grid cell to yield a model-
averaged probability of the target species occurring in that cell.
Species co-occurrence.—We used the co-occupancy modeling

approach described by MacKenzie et al. (2004, 2006) to test the
hypothesis that occupancy of gray foxes, red foxes, and striped
skunks may be negatively influenced by bobcats, coyotes, and
each other. We used predicted occupancy of heterospecific
carnivores as covariates in co-occurrence models to estimate the
influence that presence of 1 species (interacting species) had on
the occupancy of another species (focal species), thereby
investigating co-occurrence patterns within the guild. Gray
foxes, red foxes, and striped skunks were the focal species and
other species were interacting species in co-occurrence modeling.
Imperfect detection of the interacting or focal species could lead
to misleading inferences about species co-occurrence patterns;
therefore, we accounted for species-specific detection probabili-
ties while modeling multispecies camera-location and camera-
cluster occupancy (MacKenzie et al. 2004, 2006).
In all models in each co-occurrence model set (for both local

and camera-cluster scales), we included covariates from the best-
supported p model for each species (both pfocal[best] and
pinteracting[best]) and the covariates from the best-
supported habitat c model for the interacting species at
each spatial scale (cinteracting[best] cfocal() pinteracting[best p]
pfocal[best p]). Thus, for a given pair of species and scale, the only
component of the co-occurrence model structure that varied was
the covariates used to model cfocal. We used the null model
(cfocal(.)) as a reference for all co-occurrence models that varied
based on focal species occupancy. We then investigated the
relative strength of habitat features versus interacting species
presence to predict focal species c at each scale. For each co-
occurrence model set (in addition to the null model), we defined 4
categories for models: 1) habitat-only (top 3–4 habitat models of
the focal species without the influence of the interacting species;
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cfocal[best c models]), representing the hypothesis that species
co-occurrence patterns are driven by species-specific habitat
selection with no response to the presence of other species; 2)
habitatþ interacting species (i.e., separate occupancy intercept
with vs. without the presence of interacting species; cfocal[best c
modelsþ interacting species]), representing the hypothesis that
the effects of habitat and the presence of the interacting species
are additive; 3) habitat� interacting species (i.e., separate
intercepts and habitat variable slopes with vs. without presence
of interacting species; cfocal[best c models� interacting spe-
cies]), representing the hypothesis that the focal species
occupancy responds differently to habitat variables depending
on the presence of the interacting species, or differently to the
presence of interacting species depending on the habitat
conditions; and 4) interacting species-only (i.e., without the
influence of habitat; cfocal[interacting species]), representing the
hypothesis that occurrence of the focal species is driven by the
presence of other species rather than habitat.
For co-occurrence models with habitat included, we included

habitat variables identified in the 3–4 best-supported single-
species cmodels (scale-specific) for the focal species. Using AIC
values and model weights, we ranked co-occurrence models with
and without the influence of the presence of interacting species.
We selected the best-supported model from each of the 4
categories for comparison to assess the relative importance of
habitat versus species interactions for gray fox, red fox, and
striped skunk occupancy.
We estimated the magnitude of probable species interaction at a

given scale (camera site or cluster) by: f¼cAB/(cA�cB), where
cA and cB are unconditional (i.e., ignoring other species)
probabilities of occupancy by species A and B, respectively, and
cAB is the predicted probability of joint occupancy by both
species (MacKenzie et al. 2004). If species occur independently,
f¼ 1. If f< 1, then the 2 species co-occur less frequently than if
they were distributed independently (possible avoidance),
whereas f> 1 indicates a level of co-occurrence higher than
expected under independence (possible attraction), or selection of
similar features not included in our models.
Using the results from co-occurrence modeling, we mapped

predicted occupancy for gray foxes, red foxes, and striped skunks
that included camera-cluster scale habitat factors and the effects
of co-occurrence with bobcats and coyotes. We used the gray fox
raster layer created in stage 2 and the raster layer of interactive
species in the raster calculator using the logit function for each
model to create 3 maps of gray fox predicted occupancy with
added effects of co-occupancy with a potential competitor
(bobcat, coyote, red fox). We used the same procedure for 3
predictive maps of red fox with a potential competitor (bobcat,
coyote, gray fox), and 4 predictive maps of striped skunk with
interacting species (bobcat, coyote, gray fox, red fox).

Colonization and extinction.—To estimate colonization and
extinction, and factors influencing those rates, we fit multi-
season occupancy models for bobcats, gray foxes, red foxes, and
striped skunks using data from camera clusters that we surveyed
in both 2008 and 2010 for stage 4 of the modeling approach.
Multiseason occupancy models are appropriate for both short-
and long-term monitoring of multiple species, especially those
with detection probabilities <1 (Lesmeister and Nielsen 2011).

Each week during a 3-week survey period represented an
independent sample period and each year represented a season.
We could not model multiseason dynamics of coyotes and
raccoons because models did not converge with occupancy near
100% in 2008 and 2010 (see Results).We used data only from the
camera-cluster-scale for multiseason models because coloniza-
tion (g) and extinction (e) would more likely be random at the
local scale. Multi-season occupancy modeling relies on detection
and non-detection data for detection probability (p) and
examines factors (in this case, habitat and interacting carnivore
presence) that influence initial occupancy in 2008, colonization
probability, and extinction probability of a camera cluster
(MacKenzie et al. 2006). We combined survey covariates from
the best-supported model from p modeling (stage 1) and the 4
top-ranked models from single-species c modeling (stage 2) for
the initial occupancy estimates of each species. In the multiseason
model sets for gray fox, red fox, and striped skunk, we also
included the estimated occupancy of bobcat and both fox species
as explanatory variables to estimate the effect of interacting
species on extinction probability of each focal species.
Temporal activity.—We measured overall activity level (which

also involves local population density) and the pattern of activity
among diel periods (independent of overall activity) of each
species at a camera cluster, using the number of photographs
taken of that species within the 3-week survey period for each
cluster. We used the date and time stamp to determine in which
diel period a photograph was recorded: 1) crepuscular (2 hr before
sunrise to 2 hours after sunrise, and 2 hr before sunset to 2 hr
after sunset); 2) diurnal (2 hr after sunrise to 2 hr before sunset);
and 3) nocturnal (2 hr after sunset to 2 hr before sunrise). We
adjusted the defined sunrise and sunset times weekly during the
study to account for changing day length and daylight savings
time. Because some animals remain at a baited site for an
extended period, many photographs of the same individual were
recorded during a single visit to the camera location. Therefore,
we did not count any photographs of a given species at a camera
location taken <2 hours after another photograph of that same
species at the same camera location.
To test for effects of bobcats and coyotes on overall activity level

of smaller species at the camera-cluster level, we used Poisson
regression (SAS PROC GENMOD) to relate the number of
photographs of each of the 4 smallest species (gray fox, raccoon,
red fox, and striped skunk) in camera clusters to 3 cluster-
level metrics of potential impact of larger carnivores: detection (0
photographs vs.>0) of bobcats or coyotes, total number of bobcat
or coyote photographs, and predicted occupancy of bobcats
(predicted occupancy of coyotes did not vary enough to be
informative). We also used coyote detection and number of
coyote photographs as explanatory variables for the total number
of bobcat photographs recorded in a camera cluster.
To analyze diel activity patterns, we first used Poisson

regression to test whether activity rates during each diel time
period differed among species. We included period length
(hours) as an offset variable in all analyses of diel activity to
account for the fact that diel periods were of different length and
changed in length throughout the study. We used the Tukey-
Kramer least-squares-means-adjustment procedure for multiple
comparisons to adjust coefficient estimates.
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Finally, we used our photographic records to test for evidence
that mesocarnivores adjust their diel distribution of activity in
response to the risk posed by potential intraguild predators
(bobcats and coyotes). As a specific example, do gray foxes avoid
nocturnal activity (confining more of their activity to other
periods) in areas where nocturnal activity of coyotes is greater?
Here, we were concerned with how frequently a given species was
photographed in a camera cluster during a given diel period as a
relative indicator of activity, going beyond simply whether the
species is present or not. For each species (other than coyotes) and
diel period (x) separately, we used mixed-model logistic
regression (SAS PROC GLIMMIX) to test whether the
probability that a photograph of that species at a camera cluster
occurred during diel period x (as opposed to other diel periods)
was related to the number of coyote or bobcat photographs
recorded in the same cluster and diel period. Camera cluster was
included as a random subject effect, and the binary data from each
cluster consisted of 1s representing photographs of species i
during diel period x and 0s representing photographs of species i
during other diel periods. A negative relationship would provide
evidence of temporal partitioning with putative intraguild
predators. We used Tukey’s multiple range test to establish
differences between periods.

RESULTS

We recorded 29,988 camera days and 102,711 photographs
(detections) of endothermic animals at the 1,188 camera
locations (357 camera clusters) surveyed. Among those photo-
graphs were exactly 45,000 photographs of bobcats, coyotes, gray
foxes, raccoons, red foxes, and striped skunks, with >40,000 of
those being raccoons (Table 3). Most raccoon photographs were
successive records in short time intervals of individuals reacting to
the bait. Following raccoons in the number of photographs
recorded were striped skunks, coyotes, gray foxes, bobcats, and
red foxes. With the exception of red foxes and raccoons, we
recorded more photographs in January–February than March–
April (Table 3). Most striped skunk photographs were successive
records of individuals and primarily occurred during February
(Table 3).

The percentage of camera locations and camera clusters at
which we recorded photographs varied among bobcats (15% of
camera locations, 47% of camera clusters), coyotes (39%, 79%),
gray foxes (8%, 22%), raccoons (85%, 99%), red foxes (5%, 16%),
and striped skunks (22%, 48%). Because we detected raccoons at
nearly all camera clusters, we did not model their occupancy. We
also recorded photographs of >18 other endothermic species
(Appendix A), and several small avian species. Although a cougar
was confirmed in southern Illinois in 2000 (Heist et al. 2001) and
despite the increasing likelihood of cougars recolonizing the
Midwest (Henaux et al. 2011, LaRue and Nielsen 2011, LaRue
et al. 2012), no cougars were photographed during our study.

Detectability
Model-averaged estimates of detection probabilities (�SE) per
week varied among species and scales of analysis (bobcat:bp¼
0.20� 0.02,bp¼ 0.25� 0.02; coyote:bp¼ 0.31� 0.02,bp¼ 0.52�
0.02; gray fox: bp¼ 0.32� 0.03, bp¼ 0.37� 0.03; red fox:bp¼ 0.28� 0.04, bp¼ 0.30� 0.04; striped skunk: bp¼ 0.30� 0.02,bp¼ 0.58� 0.03). Detection models did not fully represent the
data because they lacked covariates to model species distribution;
therefore, several model sets had some evidence of overdispersion
(Appendix B). However, only a few models in each species’ p
model set received substantial support, which reduced model
selection uncertainty. For bobcats, the null detection models were
the third (camera cluster) and fourth (local) ranked models
(DAIC¼ 0.83 and 2.05, respectively; Table 4). In the best-
supported models, bobcat detection probability was negatively
related to precipitation and temperature at the camera-
cluster scale, and negatively related to precipitation and previous
detection at the local scale (Table 4). Detection probability
also decreased slightly between week 1 and week 3 of the survey
(week 1: bplocal ¼ 0.21� 0.02, week 2: bplocal ¼ 0.19� 0.02
week 3: bplocal ¼ 0.18� 0.02). Model convergence failed for
camera-cluster scale bobcat data with the previous photographic
survey covariate included, so we did not consider these models.
The top-ranked detection models for the 3 canids and striped

skunks received considerably more support than the null
detection models at both local and cluster scales (DAIC� 8.65;
Table 4). Coyote and gray fox detection probabilities were

Table 3. The number of bobcat, coyote, gray fox, raccoon, red fox, and striped skunk photographs recorded (separated by the diel period and month) and retained for
analysis. The total numbers of photographs recorded for each species are included. We collected data during a remote camera survey in a 3-week period for carnivores
in the 16 southernmost counties of Illinois, USA, January–April 2008–2010. Also included are the number of photographs recorded per camera day and the species-
specific total number of photographs used in analyses.

Bobcat Coyote Gray fox Raccoon Red fox Striped skunk

Month
January 97 319 105 2,740 44 188
February 80 324 89 2,668 25 533
March 81 256 67 3,581 19 77
April 73 211 31 3,412 36 36

Diel period
Crepuscular 170 425 83 4,072 48 246
Diurnal 28 86 8 280 11 27
Nocturnal 133 599 201 8,049 65 561

Total recorded 412 1,397 546 40,029 149 2,467
Activity totala 331 1,110 292 12,401 124 834
Total photographs/ camera-day 0.014 0.047 0.018 1.335 0.005 0.082

a Total number of photographs (detections) used in activity analysis for each species after removing photographs taken within 2 hours of another photo at the same
camera location.
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negatively related to temperature and positively related to
previous detection at the camera-cluster scale (Table 4). The
camera-cluster-scale model with temperature and previous
photograph was highly supported, with w> 0.9 for both coyotes
and gray foxes. Coyote bplocal was higher in February, but lower in
March and April compared to January. Red fox detectability
differed by year (Table 4), being higher in 2010 (bplocal ¼ 0.38�
0.06, bpcluster ¼ 0.47� 0.07) than in 2008 (bplocal ¼ 0.12� 0.04,bpcluster ¼ 0.21� 0.05) or 2009 (bplocal ¼ 0.16� 0.05, bpcluster ¼
0.19� 0.05).
Striped skunk detectability was influenced by temperature,

precipitation, previous detections, and month (Table 4).
Detection probability was higher in January (bplocal ¼ 0.23�
0.03, bpcluster ¼ 0.34� 0.04) and February (bplocal ¼ 0.43� 0.03,bpcluster ¼ 0.56� 0.03) than March (bplocal ¼ 0.15� 0.02,

bpcluster ¼ 0.22� 0.04) and April ( bplocal ¼ 0.08� 0.01,bpcluster ¼ 0.16� 0.03). Temperature and precipitation individu-
ally had weak negative coefficient estimates, but when
month was included in the model, their coefficients were
positive. Detection probabilities were similar between 2008
(bplocal ¼ 0.26� 0.03, bpcluster ¼ 0.40� 0.03), 2009 (bplocal ¼ 0.34�
0.03, bpcluster ¼ 0.48� 0.05), and 2010 (bplocal ¼ 0.31� 0.03,bpcluster ¼ 0.43� 0.04). We were more likely to record a striped
skunk photograph if previous photographs were recorded
(blocal¼ 1.97� 0.13, bcluster¼ 1.39� 0.28).

Single-Species Occupancy
Model-averaged bobcat bclocalwas 0.24� 0.04 and bcclusterwas
0.75� 0.06. Habitat models did not perform well in explaining
bobcatclocal; we found some evidence of lack-of-fit for the global

Table 4. Most supported (�2 AIC of top model) models (plus the null model (.)) related to detection probabilities (p) for bobcats, coyotes, gray foxes, red foxes, and
striped skunks in the 16 southernmost counties of Illinois, USA, January–April 2008–2010. To estimate p for each species, we held occupancy constant [c(.)] and fit
encounter history data from 3 1-week surveys at 1,188 remote camera locations (local-scale analyses) and 357 camera-clusters (camera-cluster-scale analyses) to the
candidate model set. See Appendix B for full model sets.

Modela AICb DAIC wc Kd

Bobcat (local)
PRECIPþPREVDET 1,947.52 0.00 0.258 4
PRECIP 1,948.10 0.58 0.193 3
TEMP�PRECIP 1,948.42 0.90 0.165 3
(.) 1,949.57 2.05 0.093 2

Bobcat (camera cluster)
PRECIP 1,239.47 0.00 0.281 3
TEMP�PRECIP 1,239.84 0.37 0.234 3
(.) 1,240.30 0.83 0.186 2
TEMPþPRECIP 1,241.45 1.98 0.105 4

Coyote (local)
TEMPþMONTH 3,922.97 0.00 0.281 6
TEMP 3,923.52 0.55 0.213 3
TEMPþPRECIPþTEMP�PRECIPþPREVDETþMONTHþYEAR 3,923.73 0.76 0.192 11
(.) 3,936.58 13.61 0.000 2

Coyote (camera cluster)
TEMPþPREVDET 1,681.02 0.00 0.975 4
(.) 1,706.51 25.49 0.000 2

Gray fox (local)
TEMP 1,264.53 0.00 0.371 3
TEMPþPREVDET 1,265.58 1.05 0.219 4
TEMPþPRECIP 1,266.36 1.83 0.149 4
(.) 1,276.03 11.50 0.001 2

Gray fox (camera cluster)
TEMPþPREVDET 738.07 0.00 0.931 4
(.) 751.70 13.63 0.001 2

Red fox (local)
YEAR 809.34 0.00 0.984 4
(.) 821.53 12.19 0.002 2

Red fox (camera cluster)
YEAR 553.22 0.00 0.952 4
(.) 561.87 8.65 0.013 2

Striped skunk (local)
TEMPþPRECIPþTEMP�PRECIPþMONTHþYEAR 2,539.61 0.00 0.784 10
(.) 2,666.89 127.46 0.000 2

Striped skunk (camera cluster)
TEMPþPREVDET 1,251.32 0.00 0.412 4
TEMPþPRECIPþTEMP�PRECIPþMONTHþYEAR 1,251.60 0.28 0.358 10
(.) 1,312.99 61.67 0.000 2

a PRECIP, sum of precipitation recorded during survey week; PREVDET, previous photograph recorded at a camera location during a previous survey; TEMP,
average temperature recorded during survey week; MONTH, month survey was conducted; YEAR, year survey was conducted.

b Akaike’s Information Criterion.
c Model weight; the probability of that model being the best approximating model among those evaluated.
d Number of model parameters.

Lesmeister et al. � Midwestern Carnivore Guild Structure 17



model (overdispersion parameter ĉ> 1.80), and the top-
ranked habitat model received similar support as the null model
(Table 5, Appendix C). Explanatory power was greater at the
camera-cluster scale than at the local scale (Appendix C). Bobcat
ccluster was most strongly influenced by anthropogenic features
within both buffer sizes (100% and 20% of home range; Table 5).
Bobcat ccluster decreased with increased presence of anthropo-
genic features, primarily paved road density and human
structures. The top-ranked model using habitat within the
100% home-range buffer was more supported than the top-
ranked using habitat within the 20% of home-range buffer
(DAIC¼ 2.69; Table 5). Mapping predicted estimates of
occupancy of bobcats (range bccluster ¼ 0.50–1.00) based on
100% home-range buffer models indicated a wide distribution of
high-occupancy areas with moderate predicted occupancy in
urban areas and near roads (Fig. 3).
Coyote model-averaged bclocal was 0.58� 0.03 and bccluster was

0.95� 0.03. At the local scale, the null model (DAIC¼ 1.55)
received 2.15 times less support than the top-ranked habitat
model (Table 6). Coyote clocal increased with increasing slope
(b¼ 0.56� 0.12) and percentage of hardwood (b¼ 0.38� 0.11),
but decreased with stem density (b¼�0.41� 0.14). Given that
coyote bccluster was near 1, many of the more complicated habitat
models were over-fit (especially at the 100% home-range scale),
so model convergence failed; we removed such models from the
model set. The top-ranked model of habitat at the 20% of home-
range scale received similar support (0.93 AIC values lower) as
the top-ranked model at the 100% home-range scale (Table 6).
All hypotheses were represented in the 90% confidence model set

and model selection uncertainty was high at all scales of analysis
(Appendix C). However, there was more support for avoidance of
anthropogenic features than other hypotheses at the 100% home-
range scale and a positive effect of landscape complexity at the
20% of home-range scale (Table 6). Mapping predicted
occupancy of coyotes (range bccluster ¼ 0.55 to 1) based on
100% home-range-scale models resulted in a map with predicted
high occupancy throughout much of the study area and moderate
occupancy only near urban areas (Fig. 4).
Model-averaged gray fox bclocal was 0.13� 0.01 and bccluster was

0.29� 0.03. The prey-availability hypothesis was the most
supported hypothesis at the local scale (Table 7), but the
coefficient estimates were not consistent with our hypothesis that
gray fox cwould increase with covariates thought to be related to
prey density (Table 2). Gray fox clocal was negatively associated
with increasing percentage of hardwood (b¼�0.20� 0.06) and
distance to human structures (b¼�0.23� 0.10), was lower on
private land than public land (b¼�0.39� 0.11), and was
positively associated with distance to streams (b¼ 0.13� 0.09).
Although not a strong coefficient effect, coarse woody debris
(b¼ 0.13� 0.07) was represented in 4 of the 6 best-
supported models (Table 7).
For gray foxes, more models were in the 90% confidence set at

the local scale than at either camera-cluster scale (Appendix C).
Anthropogenic features were important, but the directions of
effects of variables measured in the 100% home-range buffer were
mixed. Gray foxccluster generally increased with higher density of
minor paved roads (b¼ 0.33� 0.08) but also increased with
distance from minor paved roads (b¼ 0.48� 0.09) and major

Table 5. Most supported bobcat habitat occupancy (�2 AIC of top model) models (plus the null model (.)) at 3 spatial scales, fitted to encounter-history data from
1,188 camera locations in 357 camera clusters in southern Illinois, USA, January–April 2008–2010. For camera-cluster models, we measured landscape features
within buffers of 2 scales (equal to 100% and 20% of the estimated home-range size) around camera locations in each cluster. For all models, the probability of
detection (p) was the most parsimonious scale-specific model from the detectability modeling process for each species. The null (.) model (occupancy held constant
across all camera locations) is included to assess relative support for habitat covariates. See Appendix C for full model sets.

Modela Hypothesis AICb DAIC wc Kd

Local (314-m2 buffer)
STEMþSLOPE AF-PRED 1,946.88 0.00 0.119 6
STEMþSLOPEþDTRD AF-PRED 1,947.04 0.16 0.110 7
(.) NULL 1,947.52 0.64 0.086 4
DTRD AF-PRED 1,947.67 0.79 0.080 5
HW PREY 1,947.92 1.04 0.071 5
BAþCWD PREY 1,948.11 1.23 0.064 6
BAþHW PREY 1,948.30 1.42 0.058 6
STEM AF-PRED 1,948.38 1.50 0.056 5
CWD PREY 1,948.70 1.82 0.048 5
DTST AF-PRED 1,948.73 1.85 0.047 5

Camera cluster (20% of home range: 3.63-km2 buffer)
STHAþRDHAþDTST AF 1,230.29 0.00 0.607 6
(.) NULL 1,239.47 9.18 0.006 3

Camera cluster (100% home range: 18.15-km2 buffer)
STHAþRDHAþDTST AF 1,227.60 0.00 0.525 6
STHAþRDHAþDTSTþDTRDþDTMJRD AF 1,228.70 1.10 0.303 8
(.) NULL 1,239.47 11.87 0.001 3

a STEM, number of woody stems along 4 10-m transects from remote camera; SLOPE, slope measured at remote camera location; DTRD, distance to nearest minor
paved road; HW, percentage of basal area at remote camera that were hardwood trees; BA, tree basal area measured in m2/ha at remote camera; CWD, number of
coarse woody debris �10-cm diameter along 4 10-m transects from remote camera; DTST, distance to nearest human structure; STHA, number of human
structures per hectare; RDHA, length of minor paved road per hectare; DTMJRD, distance to nearest major road; AF-PRED, anthropogenic features and larger
predator avoidance; PREY, prey availability; AF, anthropogenic features.

b Akaike’s Information Criterion.
c Model weight; the probability of that model being the best approximating model among those evaluated.
d Number of model parameters.
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Figure 3. Predicted probability of bobcat occupancy (range bc¼ 0.5–1) in the 16 southernmost counties of Illinois, USA, January–April 2008–2010, based on 100%
home-range (camera-cluster scale) modeling.

Table 6. Most supported coyote habitat occupancy (� 2 AIC of top model) models (plus the null model (.)) at 3 spatial scales, fitted to encounter-history data from
1,188 camera locations in 357 camera clusters in southern Illinois, USA, January–April 2008–2010. For camera-cluster models, we measured landscape features
within buffers (equal to 100% and 20% of the estimated home-range size) around camera locations in each cluster. For all models, the probability of detection (p) was
the most parsimonious scale-specific model from the detectability modeling process for each species. The null (.) model (occupancy held constant across all camera
locations) is included to assess relative support for habitat covariates. See Appendix C for full model sets.

Modela Hypothesis AICb DAIC wc Kd

Local (314-m2 buffer)
STEMþ SLOPE AF-PRED 3,921.42 0.00 0.127 8
HW PREY 3,921.61 0.19 0.116 7
STEM AF-PRED 3,921.66 0.24 0.113 7
STEMþ SLOPEþDTRD AF-PRED 3,922.02 0.60 0.094 9
HWþCWD PREY 3,922.46 1.04 0.076 8
(.) NULL 3,922.97 1.55 0.059 6
DTRD AF-PRED 3,923.32 1.90 0.049 7

Camera cluster (20% of home range: 4.38-km2 buffer)
ARCVþ SDIþFORSIþGRSI LC 1,673.64 0.00 0.303 8
FORSIþGRSI LC 1,675.12 1.48 0.145 6
(.) NULL 1,681.02 7.38 0.008 4

Camera cluster (100% home range: 21.90-km2 buffer)
URPLþURPDþDTMU AF 1,674.57 0.00 0.515 7
(.) NULL 1,681.02 6.45 0.021 4

a STEM, number of woody stems along 4 10-m transects from remote camera; SLOPE, slope measured at remote camera location; HW, percentage of basal area at
remote camera that were hardwood trees; DTRD, distance to nearest minor paved road; CWD, number of coarse woody debris �10-cm diameter along 4 10-
m transects from remote camera; ARCV, patch area coefficient of variation: standard deviation/mean patch size; SDI, Simpson’s diversity index, proportional
abundance of each patch type; FORSI, forest shape index, mean perimeter-to-area ratio of patch; GRSI, grassland shape index, mean perimeter-to-area ratio of
patch; URPL, percentage camera-cluster buffer comprises urban patches; URPD, number of urban patches per hectare; DTMU, distance to nearest municipality;
AF-PRED, anthropogenic features and larger predator avoidance; PREY, prey availability; LC, landscape complexity; AF, anthropogenic features.

b Akaike’s Information Criterion.
c Model weight; the probability of that model being the best approximating model among those evaluated.
d Number of model parameters.
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roads (b¼ 0.92� 0.13) within those areas. The density of
streams (b¼�0.78� 0.09) and proportion of agriculture land
cover (b¼�1.06� 0.12) within the 100% home-range buffers
negatively influenced gray fox ccluster. Landscape complexity and
vegetative land cover within 20% of home-range buffers were
more important than anthropogenic features for gray fox ccluster.
Edge density (b¼ 1.00� 0.18) and proportion of forest cover
(b¼ 0.48� 0.12) positively influenced gray fox ccluster. Con-
versely, gray fox ccluster (20% home-range buffer) decreased with
increased patch-type diversity (b¼�1.24� 0.21), forest prox-
imity index (b¼�0.25� 0.09), and agriculture land cover
(b¼�0.41� 0.16). The top-ranked model at the 100% home-
range buffer received slightly more support (2.45 AIC values
lower) than the top-ranked model at the 20% of home-
range buffer (Table 7). Mapping predicted occupancy of gray fox
(range bc¼ 0.23–0.41) based on 100% home-range scale models
indicated that the species likely occurred in more localized
populations than bobcats and coyotes, the highest probability of
occupancy being in the forested areas in the southern region of
the study area (Fig. 5A). The lowest predicted occupancy was in
agriculture land and roads played only a small role in the
prediction map (Fig. 5A).
The model-averaged red fox bclocal was 0.12� 0.02 and bccluster

was 0.26� 0.04. Most models (range 68%–76%) in all 3 red fox
habitat cmodel sets (100%, 20% of home-range, and local scale)
received little or no support (w< 0.01; Appendix C). At the local
scale, the anthropogenic features and predator avoidance
hypothesis received all model-weight support (Table 8, Appendix
C). Red fox clocal decreased with distance to human structures
(b¼�0.77� 0.09) and was higher on private land (b¼ 0.54
� 0.12). The top-ranked red fox ccluster model at the 100%

home-range scale received much more support than the top-
ranked model at the 20% home-range scale (9.45 AIC values
lower; Table 8). Anthropogenic feature was the only hypothesis
represented in the 90% confidence model sets for red fox ccluster

at both buffer scales (Table 8). At the 100% home-range scale,
the effects of anthropogenic features were primarily positive:
red fox ccluster increased with density of human structures
(b¼ 0.67� 0.16), density of minor roads (b¼ 0.95� 0.21), and
proportion of urban land cover (b¼ 0.55� 0.11); it decreased
with distance to human structures (b¼�0.83� 0.16). Although
red fox ccluster at both buffer scales was higher in areas with
higher road density, it was higher farther from roads in those
areas. Mapping predicted occupancy of red fox (rangebccluster ¼ 0.00–0.42) based on 100% home-range scale models
indicated that the species had moderate predicted occupancy in
more urban and less forested portions of the study area (Fig. 6A).
The model-averaged striped skunk bc local was 0.47� 0.01 andbccluster was 0.79� 0.03. An important predictor of occupancy was

private property, especially at the local scale (Table 9). Private
property had higher levels of striped skunk occupancy than public
land (bclocal ¼ 0.56� 0.04 private vs. 0.38� 0.04 public, bccluster

¼ 0.88� 0.07 private vs. 0.65� 0.06 public); resulting in wider
distribution in the northern part of the study area with less public
land. The best-supported model using habitat within the 100%
home-range buffer was slightly more supported than the top-
ranked model at the 20% of home-range-buffer scale (1.62 AIC
values lower; Table 9; Appendix C). Anthropogenic feature was
overall the most-supported hypothesis regarding striped skunk
ccluster, but percentage of agriculture (b¼ 0.63� 0.30) within
20% home-range buffers also influenced ccluster (Table 9;
Appendix C). Generally, striped skunk ccluster was negatively

Figure 4. Predicted probability of coyote occupancy (range bc¼ 0.55–1) in the 16 southernmost counties of Illinois, USA, January–April 2008–2010, based on 100%
home-range (camera-cluster scale) modeling.
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related to anthropogenic features, but the effects were weak.
For example, at the 100% home-range-buffer scale, the density
of minor roads and human structures had b estimates with
confidence intervals that overlapped 0 (b¼�0.08� 0.21 and
b¼ 0.00� 0.18, respectively). Distance to minor and major
roads both had positive effects (b¼ 0.69� 0.30, b¼ 0.73� 0.38,
respectively) on striped skunk ccluster. Mapping predicted
occupancy of striped skunks (range bccluster ¼ 0.20–0.97) based
on the 100% home-range-scale buffer suggested the species
was widely distributed throughout the study area with the highest
levels of predicted occupancy in agricultural lands (Fig. 7A).

Species Co-Occurrence
Focal species: gray fox.—The overall estimated levels of co-

occurrence at a camera location for gray foxes with bobcats,
coyotes, and red foxes were bw¼ 1.06� 0.21, 1.08� 0.11, and
1.97� 0.50, respectively. According to the interacting species-
only models, the probability of gray foxes occurring at a camera
location was not related to the c of bobcats or coyotes (with
bobcats: bclocal ¼ 0.14� 0.03; without bobcats: bc local ¼ 0.13�
0.02; with coyotes: bclocal ¼ 0.14� 0.02; without coyotes: bc local

¼ 0.12� 0.02). Conversely, gray fox occupancy was nearly 3-
fold higher with red foxes present (bc local ¼ 0.29� 0.07) than
without red foxes (bclocal ¼ 0.11� 0.02; Appendix D). Models for
gray fox-bobcat co-occurrence with bobcat presence included had
less support than gray fox habitat-only models and the bobcat-

only model received 13 times less support than the gray fox
habitat-only model (Fig. 8A, Appendix D).
The gray fox habitat� interacting species models indicated that

coyote and red fox presence influenced gray fox clocal, albeit in
different directions and ways (Fig. 8A). Gray fox occupancy of
camera locations with higher percentage of hardwood changed
based on the presence of coyotes, and this interactive effect
was a strong enough signal to be 1 of the 2 top-ranked gray
fox-coyote models (Appendix D). The hardwood coefficient
estimate for gray fox clocal was near 0 with coyotes present
(b¼ 0.08� 0.18) and strongly negative with coyotes absent
(b¼�0.47� 0.15). The presence of red foxes at the local scale
was highly correlated with gray fox c (Fig. 8A). The top-
ranked habitatþ red fox model ranked above all habitat-
only models (�24 times more support) and the red fox-
only model ranked higher than habitat-only models, suggesting a
positive association with red foxes (Fig. 8A, Appendix D).
Evaluating general co-occurrence patterns at the camera-

cluster scale suggested that gray foxes appeared to occur
independent of bobcats (bw¼ 1.02� 0.10), coyotes (bw¼1.00�
0.05), and red foxes (bw¼ 1.23� 0.20). After accounting for c of
interacting species and imperfect detection of both species, the
probability of gray foxes occurring in a camera cluster was lower
with the presence of coyotes (bccluster ¼ 0.27� 0.03 with coyote,bccluster ¼ 0.88� 0.20 without coyote) and higher with red foxes
present (bccluster ¼ 0.40� 0.08 with red fox, bccluster ¼ 0.25� 0.03

Table 7. Most supported gray fox habitat occupancy (�2 AIC of top model) models (plus the null model (.)) at 3 spatial scales, fitted to encounter-history data from
1,188 camera locations in 357 camera clusters in southern Illinois, USA, January–April 2008–2010. For camera-cluster models, we measured landscape features
within buffers (equal to 100% and 20% of the estimated home-range size) around camera locations in each cluster. For all models, the probability of detection (p) was
the most parsimonious scale-specific model from the detectability modeling process for each species. The null (.) model (occupancy held constant across all camera
locations) is included to assess relative support for habitat covariates. See Appendix C for full model sets.

Modela Hypothesis AICb DAIC wc Kd

Local (314-m2 buffer)
HWþCWDþDTSTRM PREY 1,261.23 0.00 0.145 6
HWþCWD PREY 1,261.28 0.05 0.142 5
HW PREY 1,261.69 0.46 0.115 4
DTSTþPRIVATE AF-PRED 1,262.55 1.32 0.075 5
BAþHWþCWD PREY 1,262.59 1.36 0.074 6
BAþHWþCWDþDTSTRM PREY 1,262.67 1.44 0.071 7
BAþHW PREY 1,262.71 1.48 0.069 5
(.) NULL 1,264.53 3.30 0.028 3

Camera cluster (20% of home range: 0.55-km2 buffer)
EDþSDI LC 731.06 0.00 0.343 6
EDþARCVþSDI LC 733.05 1.99 0.127 7
(.) NULL 738.07 7.01 0.010 4

Camera cluster (100% home range: 2.75-km2 buffer)
RDHAþDTRDþDTMJRD AF 728.61 0.00 0.252 7
FORPL VEG 730.07 1.46 0.121 5
AGPL VEG 730.16 1.55 0.116 5
RDHAþDTRDþDTMJRDþMJRDHA AF 730.52 1.91 0.097 8
(.) NULL 738.07 9.46 0.002 4

a HW, percentage of basal area at remote camera that were hardwood trees; CWD, number of coarse woody debris �10-cm diameter along 4 10-m transects from
remote camera; DTSTRM, distance to nearest linear water feature; DTST, distance to nearest human structure; PRIVATE, ownership (public or private) of remote
camera location; BA, tree basal area measured in m2/ha at remote camera; ED, total length of patch edge per hectare; SDI, Simpson’s diversity index, proportional
abundance of each patch type; ARCV, patch area coefficient of variation: standard deviation/mean patch size; RDHA, length of minor paved road per hectare;
DTRD, distance to nearest minor paved road; DTMJRD, distance to nearest major road; FORPL, percentage camera-cluster buffer comprises forest patches;
AGPL, percentage camera-cluster buffer comprises agriculture patches; MJRDHA, length of major road per hectare; PREY, prey availability; AF-PRED,
anthropogenic features and larger predator avoidance; LC, landscape complexity. AF, anthropogenic features; VEG, vegetative land cover.

b Akaike’s Information Criterion.
c Model weight; the probability of that model being the best approximating model among those evaluated.
d Number of model parameters.
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without red fox; Fig. 9). Conversely, there was no apparent
difference in the level of gray fox occupancy in relation to the
presence of bobcats (bccluster ¼ 0.29� 0.04 with bobcat, bccluster

¼ 0.27� 0.08 without bobcat). Although co-occurrence models
with bobcat ccluster included were among the best-
supported models, gray fox ccluster was more influenced by
habitat features than the occurrence of bobcats (Figs. 8B and 9).
Further, the bobcat-only model received less support than the
null model (Appendix E). Given the small influence of bobcat
presence on the occupancy of gray foxes, the map of predicted
occupancy by gray fox with the effect of bobcats added (Fig. 5B)
suggested a similar distribution as the habitat-only map for gray
fox occupancy (Fig. 5A).
Unlike bobcats, coyotes appeared to strongly influence gray fox

ccluster at both buffer scales, where all of the top-ranked gray fox
co-occurrence models included the negative effect of coyote
presence (Fig. 8B, Appendix E). Because coyote ccluster

approached 1, there were few areas without coyotes present;
the areas without coyotes had a high probability of gray fox
occupancy regardless of habitat. Unlike at the local scale, the
direction of effects of particular habitat variables on occupancy of

gray foxes at the camera-cluster scales did not change based on
coyote presence, as evidenced by the top habitatþ coyote model
being more supported than the top habitat� coyote model
(separate slopes for habitat variables with and without coyotes
present; Fig. 8B, Appendix E). The strong influence of coyotes
on gray fox occupancy was evident in the predicted gray fox
occupancy map that included coyote occupancy (Fig. 5C). The
model predicted that gray fox occupancy was highest in or near
urban areas and the forested areas of the study area.
Although the top habitat-only model for gray fox received more

support than any other model that included red foxes, red fox
presence may be an important factor in predicting gray fox
ccluster. Many of the best-supported gray fox-red fox co-
occurrence models incorporated the presence of red foxes
(Fig. 8B). Adding the positive influence of red foxes to the
predicted occupancy map for gray foxes suggested that gray foxes
may be widespread throughout the study area albeit at relatively
low levels (Fig. 5D).

Focal species: red fox.—Overall, red foxes appeared to occur
independently of bobcats at the local scale (bw¼ 1.14� 0.30) but
co-occurred more than expected with coyotes (bw¼ 1.40� 0.15).

Figure 5. A: Predicted probability of gray fox occupancy (range bc¼ 0.23–0.41) in the 16 southernmost counties of Illinois, USA, January–April 2008–2010, based on
100% home-range (camera-cluster scale) modeling. Predicted probability of gray fox occupancy based on modeling results from camera-cluster scale co-occurrence with
(B) bobcats (range bc¼ 0.22–0.44), (C) coyotes (range bc¼ 0.20–0.45), and (D) red foxes (range bc¼ 0.20–0.45).
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The probabilities of red foxes occurring at a camera location with
and without bobcats present were 0.12� 0.04 and 0.11� 0.02,
respectively. Red fox bclocal was 0.16� 0.03 with coyote presence
but was 0.05� 0.03 without coyotes. Red fox clocal also was
higher with gray fox presence (bclocal ¼ 0.23� 0.07 with gray fox,bc local ¼ 0.10� 0.02 without gray fox). The red fox-bobcat co-
occurrence models that included the effect of bobcat presence
received less support than red fox habitat-only models. Further-
more, the bobcat-only model (w¼ 0.000) received less support
than the null model (2.10 AIC values higher; Fig. 10A, Appendix
D). Conversely, the top-ranked red fox models including both
habitat and the effect of either coyotes or gray foxes received 20 or
12 times more support, respectively, than any red fox habitat-
only models at the local scale (Fig. 10A, Appendix D). In both
circumstances, the presence of the interacting species had a
positive influence on red fox camera-location occupancy (Fig. 9).
However, the coyote-only and gray fox-only models received
little support (Fig. 10A, Appendix D), reiterating the importance
of habitat in predicting red fox occurrence.
At the camera-cluster scale, the level of co-occurrence was lower

between red foxes andbobcats (bw¼ 0.80� 0.11) than red foxes and
coyotes (bw¼ 1.02� 0.06). Red foxccluster was lowerwhere bobcats
were present (bccluster ¼ 0.20� 0.04with bobcats, bccluster ¼ 0.45�
0.11 without bobcats) but was higher with gray foxes present
(bccluster ¼ 0.38� 0.08 with gray foxes, bccluster ¼ 0.16� 0.05
without gray fox). Red fox ccluster did not differ with the presence
of coyotes (bccluster ¼ 0.26� 0.04 with coyotes, bccluster ¼ 0.29�
0.21without coyotes).Although red foxoccupancydiffered in areas
with and without other carnivores, all 3 red fox co-
occurrencemodel sets (withbobcat, coyote, andgray fox) suggested
habitat was a more important predictor of red fox occupancy than

the presence of other carnivores at the camera-cluster scale
(Fig. 10B, Appendix E). Although red foxes had a higher
probability of occupying a camera cluster without bobcats present,
the 2 top-ranked red fox-bobcat co-occurrence models were
habitat-only models (Appendix E). Because of the small effect of
bobcat presence, mapping red fox occupancy based on habitatþ
bobcat resulted in a map (Fig. 6B) similar to the red fox habitat-
only map (Fig. 6A). Although coyote presence was not the most
important factor, coyote occupancy did influence the map of
predicted red fox occupancy. In urban areas where coyote
occupancy was moderate, red fox occupancy was predicted to be
highest although itwas relatively lowcompared to predicted coyote
occupancy (Fig. 6C).Red fox occupancywashigherwith gray foxes
present, but habitat alone was amore-supportedmodel (Fig. 10B).
The inclusionofgray foxoccupancyresulted inamap thatpredicted
a low level but wide distribution of red foxes with the highest
occupancy in urban areas (Fig. 6D).

Focal species: striped skunk.—Striped skunks co-occurred
randomly at the local scale with bobcats (bw¼ 1.10� 0.12) but
at high levels with coyotes (bw¼ 1.68� 0.07), gray foxes
(bw¼ 1.41� 0.18), and red foxes (bw¼ 1.77� 0.22). Co-
occurrence modeling indicated that the probability of striped
skunks occurring at a camera location was not apparently different
based on the presence of bobcats (bc local ¼ 0.48� 0.06 with
bobcats, bclocal ¼ 0.45� 0.03 without bobcats). Estimates of
striped skunk c were higher with coyotes (bclocal ¼ 0.72� 0.05
with coyotes, bc local ¼ 0.07� 0.05 without coyotes), gray foxes
(bclocal ¼ 0.58� 0.08 with gray foxes, bclocal ¼ 0.45� 0.03 without
gray foxes), and red foxes (bclocal 0.75� 0.10 with red foxes,bclocal ¼ 0.42� 0.03 without red foxes). Although estimates of
striped skunk occurrence differed with and without other species

Table 8. Most supported red fox habitat occupancy (�2 AIC of top model) models (plus the null model (.)) at 3 spatial scales, fitted to encounter-history data from
1,188 camera locations in 357 camera clusters in southern Illinois, USA, January–April 2008–2010. For camera-cluster models, we measured landscape features
within buffers (equal to 100% and 20% of the estimated home- range size) around camera locations in each cluster. For all models, the probability of detection (p) was
the most parsimonious scale-specific model from the detectability modeling process for each species. The null (.) model (occupancy held constant across all camera
locations) is included to assess relative support for habitat covariates. See Appendix C for full model sets.

Modela Hypothesis AICb DAIC wc Kd

Local (314-m2 buffer)
DTST AF-PRED 793.67 0.00 0.382 5
DTSTþPRIVATE AF-PRED 794.91 1.24 0.206 6
DTRDþDTST AF-PRED 795.48 1.81 0.155 6
(.) NULL 809.34 15.67 0.000 4

Camera cluster (20% of home range: 1.42-km2 buffer)
STHAþRDHAþDTMJRDþDTSTþDTRD AF 536.59 0.00 0.231 9
STHAþRDHAþDTST AF 536.73 0.14 0.216 7
RDHAþDTRDþDTMJRD AF 536.95 0.36 0.193 7
RDHAþDTRDþDTMJRDþMJRDHA AF 538.29 1.70 0.099 8
STHAþRDHAþURPLþDTMJRDþDTSTþDTRDþDTMU AF 538.59 2.00 0.085 11
(.) NULL 553.22 16.63 0.000 4

Camera cluster (100% home range: 7.09-km2 buffer)
STHAþRDHAþDTST AF 527.14 0.00 0.462 7
RDHA AF 529.00 1.86 0.182 5
(.) NULL 553.22 26.08 0.000 4

a DTST, distance to nearest human structure; PRIVATE, ownership (public or private) of remote camera location; DTRD, distance to nearest minor paved road;
STHA, number of human structures per hectare; RDHA, length of minor paved road per hectare; DTMJRD, distance to nearest major road; MJRDHA, length of
major road per hectare; URPL, percentage camera-cluster buffer comprises urban patches; DTMU, distance to nearest municipality; AF-PRED, anthropogenic
features and larger predator avoidance; AF, anthropogenic features.

b Akaike’s Information Criterion.
c Model weight; the probability of that model being the best approximating model among those evaluated.
d Number of model parameters.
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present at the local scale, interacting species-only models received
little support compared to models including habitat (Fig. 11A). In
most instances, models with main effects of habitat and
interacting species were the best-supported models (Appendix
D). The habitat� bobcat model had similar support as the top-
ranked habitat-only model. In areas with bobcats, distance to road
had a weaker effect on skunk occupancy (b¼�0.08� 0.04 vs.
b¼ 0.30� 0.09 without bobcats) than the effects of distance to
human structure (b¼ 0.56� 0.08 with bobcats vs. b¼�0.25
� 0.06 without bobcats) and private land ownership (b¼ 1.63
� 0.20 with bobcats vs. b¼ 0.44� 0.14 without bobcats). The
striped skunk habitatþ coyote models were muchmore supported
than either the habitat-only or coyote-only models, which
received no support in the model set (Fig. 11A). Adding the effect
of gray fox to striped skunk habitat models also improved the
support for those models (Fig. 11A). Coefficient estimates
indicated that camera locations where striped skunks and gray fox
co-occurred were closer to human structures (b¼�1.22� 0.24)
but less likely to be on private land (b¼�0.31� 0.14) than
locations where gray foxes did not co-occur (distance to structure:

b¼ 0.01� 0.05, private land: b¼ 0.80� 0.20). The top-
ranked habitatþ red fox model for striped skunks received 15
times more support than the habitat-only model, but the red fox-
only model received no support (Fig. 11A).
Estimated level of co-occurrence at the camera-cluster scale

between striped skunks and bobcats (bw¼ 0.98� 0.06), coyotes
(bw¼ 1.07� 0.03), and red foxes (bw¼ 1.12� 0.12) were all near 1
(co-occurrence similar to random expectation). Conversely,
striped skunks were more likely to co-occur with gray foxes
than expected (bw¼ 1.22� 0.10, Fig. 9). For striped skunks, the
habitat-only model at the camera-cluster scale was less supported
than models that also included the effect of bobcats, coyotes, or
gray foxes (Fig. 11B). Striped skunk ccluster was marginally lower
in camera clusters occupied by bobcats than those without
bobcats (bccluster ¼ 0.61� 0.05 vs. bccluster ¼ 0.78� 0.11); howev-
er, the estimates had overlapping confidence intervals. The most
supported striped skunk-bobcat co-occurrence model had an
interaction between agricultural land cover and bobcat presence
(Fig. 11B, Appendix E). Striped skunks were more likely to be
detected in areas dominated by agriculture land cover with

Figure 6. A: Predicted probability of red fox occupancy (range bc¼ 0.00–0.42) in the 16 southernmost counties of Illinois, USA, January–April 2008–2010, based on
100% home-range (camera-cluster scale) modeling. Predicted probability of red fox occupancy based on results from camera-cluster scale co-occurrence with (B) bobcats
(range bc¼ 0.18–0.50), (C) coyotes (range bc¼ 0.12–0.38), and (D) gray foxes (range bc¼ 0.15–0.45).
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bobcats present (b¼ 0.92� 0.18) than where bobcats were not
present (b¼�0.36� 0.14). Although mapping striped skunk
occupancy with the effect of bobcats suggests widespread
distribution of skunks with relatively high occupancy throughout
the study area (range bccluster ¼ 0.70–0.92), the area of the highest
predicted occupancy was smaller than in the habitat-only map
(Fig. 7A,B). With bobcats present, occupancy of striped skunks
was predicted to be high in areas dominated by agriculture and
moderate in forested areas (Fig. 7B).
At the cluster-scale, occupancy of striped skunks was similar

with and without coyotes present (bccluster ¼ 0.79� 0.05 andbccluster ¼ 0.77� 0.06, respectively). The striped skunk co-
occurrence model that included only the effect of coyote received
no model support, but habitat models with the effect of coyote
presence included had more support than striped skunk habitat-
only models (Fig. 11B). Although overall striped skunk
occupancy was similar with and without coyotes present, the
positive effects of agriculture and to a lesser degree urban areas on
striped skunk occupancy were stronger where coyotes were
present versus absent (Fig. 7C, Appendix D).
Striped skunk ccluster was higher in camera clusters with than

without gray foxes present (bccluster ¼ 0.97� 0.09 with gray foxes,bccluster ¼ 0.60� 0.12 without gray foxes) and the top-
ranked habitatþ gray fox model received 11.5 times more
support than any habitat-only models, although the gray fox-
only model had similar support as the top-ranked habitat-
only model (Fig. 11B). The addition of gray foxes resulted in a
map with slightly higher striped skunk predicted occupancy in
the forest-dominated area of the study area than other co-

occurrence maps (Fig. 7D). Striped skunk ccluster was slightly
higher in camera-clusters occupied by red foxes compared to
those without red foxes (bccluster ¼ 0.84� 0.09 with red foxes,bccluster ¼ 0.73� 0.05 without red foxes), but the estimates had
overlapping confidence intervals and the species interaction
factor was near 1. Models with the inclusion of red fox received
similar support as the striped skunk habitat-only models
(Fig. 11B). Additionally, adding red fox presence did not
strongly influence the striped skunk predicted occupancy map, as
the co-occurrence map (Fig. 7E) was similar to the habitat-
only occupancy map (Fig. 7A).

Colonization and Extinction
We modeled factors that may influence bobcat colonization
rather than extinction because colonization had a much higher
probability of occurring (bg ¼ 0.86� 0.22) than extinction
(be¼ 0.07� 0.06). Conversely, gray fox and red fox extinction
probabilities (be¼ 0.57� 0.09 and be¼ 0.35� 0.08, respectively)
were much higher than colonization probabilities (bg ¼ 0.16
� 0.05 and bg ¼ 0.06� 0.04, respectively). Therefore, we fit
models to elucidate factors influencing extinction events of the
fox species (Appendix F). Striped skunk colonization (be¼ 0.31
� 0.11) and extinction (bg ¼ 0.30� 0.10) had similar probabili-
ties, thus we assumed the species was at or near equilibrium with
respect to turnover rates of camera-cluster occupancy and did not
model factors influencing those parameters. We could not
include coyotes or raccoons in models to assess colonization and
extinction because both species had occupancy estimates near 1
during the study.

Table 9. Most supported striped skunk habitat occupancy (�2 AIC of top model) models (plus the null model (.)) at 3 spatial scales, fitted to encounter-history data
from 1,188 camera locations in 357 camera clusters in southern Illinois, USA, January–April 2008–2010. For camera-cluster models, we measured landscape features
within buffers (equal to 100% and 20% of the estimated home- range size) around camera locations in each cluster. For all models, the probability of detection (p) was
the most parsimonious scale-specific model from the detectability modeling process for each species. The null (.) model (occupancy held constant across all camera
locations) is included to assess relative support for habitat covariates. See Appendix C for full model sets.

Modela Hypothesis AICb DAIC wc Kd

Local (314-m2 buffer)
PRIVATE AF-PRED 2,524.80 0.00 0.382 11
DTRDþDTSTþPRIVATE AF-PRED 2,525.11 0.31 0.327 13
DTSTþPRIVATE AF-PRED 2,526.76 1.96 0.143 12
(.) NULL 2,539.61 14.81 0.000 10

Camera cluster (20% of home range: 0.55-km2 buffer)
STHAþPRIVATE AF 1,243.41 0.00 0.266 9
AGPL VEG 1,243.93 0.52 0.205 8
(.) NULL 1,249.28 5.87 0.014 7

Camera cluster (100% home range: 2.75-km2 buffer)
STHAþRDHAþDTMJRDþDTSTþDTRD AF 1,241.79 0.00 0.211 12
AGPL VEG 1,241.98 0.19 0.192 8
STHAþPRIVATE AF 1,242.89 1.10 0.122 9
RDHAþDTRDþDTMJRD AF 1,243.13 1.34 0.108 10
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTSTþDTRDþDTMUþPRIVATE AF 1,243.29 1.50 0.100 17
STHAþRDHAþRPLþDTMJRDþDTSTþDTRDþDTMU AF 1,243.57 1.78 0.090 14
(.) NULL 1,249.28 7.49 0.005 7

a PRIVATE, ownership (public or private) of remote camera location; DTRD, distance to nearest minor paved road; DTST, distance to nearest human structure;
STHA, number of human structures per hectare; AGPL, percentage camera-cluster buffer comprises agriculture patches; RDHA, length of minor paved road per
hectare; DTMJRD, distance to nearest major road;MJRDHA, length of major road per hectare; URPL, percentage camera-cluster buffer comprises urban patches;
URPD, number of urban patches per hectare; DTMU, distance to nearest municipality; AF-PRED, anthropogenic features and larger predator avoidance; AF,
anthropogenic features; VEG, Vegetative land cover.

b Akaike’s Information Criterion.
c Model weight; the probability of that model being the best approximating model among those evaluated.
d Number of model parameters.
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Bobcat colonization was most strongly (and negatively)
influenced by the proportion of agriculture on the landscape
(Table 10; b¼�6.48� 1.39). The model with agricultural land
cover received 4 times the support as the next-ranked model,
which was the null model (Table 10). Coefficient estimates

suggest gray fox e was lower in areas with higher densities of
human structures (b¼�2.38� 0.34) and higher with distance
to human structures (b¼ 0.90� 0.18), but the additive model
with these 2 variables received only slightly more support
than the null model (Table 10, Appendix F). Models of gray fox

Figure 7. A: Predicted probability of striped skunk occupancy (range bc¼ 0.20–0.97) in the 16 southernmost counties of Illinois, USA, January–April 2008–2010,
based on 100% home-range (camera-cluster scale) modeling. Predicted probability of striped skunk occupancy based on results from camera-cluster scale co-
occurrence with (B) bobcats (range bc¼ 0.70–0.92), (C) coyotes (range bc¼ 0.65–0.95), (D) gray foxes (range bc¼ 0.70–0.95), and (E) red foxes (range bc¼ 0.65–0.95).

26 Wildlife Monographs � 191



e based on occupancy estimates of bobcat and red fox were not
more supported than the null model. Red fox e was most
positively related to agricultural land cover (b¼ 2.43� 0.25)
and density of minor paved roads (b¼ 1.56� 0.42).

Temporal Activity Patterns
After removing photographs that were recorded within 2 hr of a
retained photograph, we used 15,092 photographs (34% of
original photographs) in activity analyses. To assess intensity of
activity of each species, we used the remaining photographs to
calculate the number of detections by camera cluster and diel time
period. We used only 31% of raccoon and 34% of striped skunk
photographs in analysis, but we used most of the bobcat (80%),
coyote (79%), gray fox (53%), and red fox (83%) photographs
recorded (Table 3).

Overall activity, defined as the mean number of photographs
in a camera cluster, of both gray fox (F1,355> 6.67, p¼ 0.01) and
red fox (F1,355¼ 7.93, p¼ 0.01) declined with increasing
photographs of coyotes at the same clusters (Fig. 12, Table 11).
Red fox overall activity was also negatively related to local
bobcat predicted occupancy (F1,355> 6.57, p� 0.01) and total
photographs (F1, 355¼ 102.30, p< 0.01), but gray fox overall
activity was not significantly affected by any bobcat metric (Figs.
13 and 14, Table 11). In contrast, with one exception (striped
skunk activity unrelated to bobcat photos), overall activity values
for both raccoons and striped skunks were consistently positively
related to all metrics of local presence and activity of bobcats and
coyotes (all F1,355> 4.00, p� 0.05; Figs. 13–16, Table 11). The
mean number of bobcat photographs recorded in a camera
cluster did not differ based on known presence (detection or

Figure 8. Model weights for the most-supported (A) local scale and (B) camera-cluster scale co-occurrence models within 4 model categories for gray fox-bobcat, gray
fox-coyote, and gray fox-red fox. For each candidate model set, we fit encounter-history data from surveys at 1,188 camera locations and 357 camera clusters in the 16
southernmost counties of Illinois, USA, during January–April 2008–2010. We parametrized combined effect models by adding the effect of interacting species to
habitat variables or the interaction between habitat and the interacting species. We included the most supported detection and occupancy models of interacting species
to account for heterogeneity in detection and occupancy probabilities of those species. See Appendices C and D for full model sets.
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non-detection) of coyotes (F1, 355¼ 1.39, p¼ 0.24) but
increased with the number of coyote photographs recorded
(F1, 355¼ 155.50, p< 0.01, Fig. 17).
Activity of all 6 focal species differed among diel periods

(bobcat, F2,355¼ 15.84, p< 0.01; coyote, F2,355¼ 53.47,
p< 0.01; gray fox, F2, 355¼ 12.66, p< 0.01; raccoon,
F2,355¼ 168.06, p< 0.01; red fox, F2,355¼ 5.03, p< 0.01; striped
skunk, F2,355¼ 11.52, p< 0.01), primarily being lower during the
day than crepuscular and nocturnal periods (Tables 3 and 12).
Coyotes, gray foxes, raccoons, and striped skunks were photo-
graphed more frequently (accounting for period length) during
the nocturnal period than the crepuscular period (Table 12).
Nearly 70% of the gray fox, raccoon, and striped skunk
photographs were recorded during the nocturnal period (Table 3).
Conversely, bobcats and red fox were photographed at
similar rates during crepuscular and nocturnal periods (Tables
3 and 12).
Diel activity also varied within species depending on the

activity of co-occurring species. The fraction of gray fox
photographs during the nocturnal period apparently was not
affected by the number of nocturnal bobcat photographs
(Table 13). Gray foxes were detected less at night and more
during crepuscular periods at camera clusters with more
nocturnal coyote photographs (Table 13). In general, a smaller
fraction of gray fox photographs were recorded in any diel
period at camera clusters with more coyote photographs during
the same time period (Fig. 18). In contrast, both red fox and
bobcats had a greater fraction of their photographs at night in
camera clusters with frequent nocturnal photographs of coyotes
(Table 13). The number of bobcat photographs during a time
period did not clearly affect the fraction of raccoon photographs
recorded during the same time period (F2,708¼ 3.40, p¼ 0.07).
However, we recorded a smaller fraction of raccoon photographs
during the diurnal period at camera clusters where �1 bobcat
photograph was recorded (Fig. 19); a similar temporal pattern
was observed where coyotes were detected (Fig. 19). The

number of raccoon photographs during each time period was
positively associated with the number of coyote photographs in
the same period (F2,708¼ 19.14, p< 0.01) and we observed a
shift to more nocturnal and diurnal raccoon activity with an
increase in coyote nocturnal photographs (Table 13). Red
fox-bobcat models did not converge, so we do not report them.
The number of period-specific bobcat photographs did not
affect the number of striped skunk photographs (F2,708¼ 0.86,
p¼ 0.35). Striped skunks were more active during the diurnal
period with more coyote activity during the nocturnal period
(Table 13).

DISCUSSION

This research has quantified habitat occupancy and species
interactions within a carnivore guild at a much larger landscape

Figure 9. Positive (solid line) and negative (dashed line) associations within the
carnivore guild in the 16 southernmost counties of Illinois, USA, January–
April 2008–2010, based on modeling results from camera-cluster scale habitat
occupancy, co-occurrence, and activity analysis.

Figure 10. Model weights for the most-supported (A) local scale and (B) camera-
cluster scale co-occurrence models within 4 model categories for red fox-bobcat,
red fox-coyote, and red fox-gray fox. For each candidate model set we fit
encounter-history data from surveys at 1,188 camera locations and 357 camera
clusters in the 16 southernmost counties of Illinois, USA, during
January–April 2008–2010. We parametrized combined effect models by adding
the effect of interacting species to habitat variables or the interaction between
habitat and the interacting species.We included the most supported detection and
occupancy models of interacting species to account for heterogeneity in detection
and occupancy probabilities of those species. See Appendices C and D for full
model sets.
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and encompassing more species than is typical for studies of
wildlife, especially carnivores. By concurrently examining the
habitat associations of each species individually and their
responses to potential competitors, we found that responses
depend on both body size and species identity. Small canids in
particular showed clear declines in occupancy and evidence for
impacts by larger species. Spatial and temporal associations
between foxes and larger carnivores were complex, but spatial
association was strongest between the 2 foxes. Despite potential
scramble competition due to similar body sizes, our data suggest
that safety, not food, drives fox occupancy patterns in this guild.
In contrast, raccoons and skunks showed no evidence of negative
effects from other species, despite their small body size relative to
coyotes and bobcats.

The results re-emphasize the importance of considering
multiple spatial scales in ecological studies. Some species
demonstrate consistent resource selection at multiple scales,
resulting in fairly consistent outcomes from occupancy analysis
across scales. For example, we found that anthropogenic feature
models ranked highest for red fox occupancy regardless of
sampling unit scale or measured covariate scale. However,
patterns of species occupancy rarely are scale independent. Many
biological factors (e.g., species’ fine-scale distribution, mobility,
and rarity) and sampling design (e.g., effort and the cell size of the
sampling unit) play a role independently to affect observed
occupancy patterns (MacKenzie et al. 2006, He and Condit
2007). Interactions and linkages among these biological and
sampling factors are difficult to measure and can affect results in

Figure 11. Model weights for the most-supported (A) local scale and (B) camera-cluster scale co-occurrence models within 4 model categories for striped skunk-
bobcat, striped skunk-coyote, striped skunk-gray fox, and striped skunk-red fox. For each candidatemodel set we fit encounter-history data from surveys at 1,188 camera
locations and 357 camera clusters in the 16 southernmost counties of Illinois, USA, during January–April 2008–2010. We parametrized combined effect models by
adding the effect of interacting species to habitat variables or the interaction between habitat and the interacting species. We included the most supported detection and
occupancy models of interacting species to account for heterogeneity in detection and occupancy probabilities of those species. See Appendices C and D for full model
sets.
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unknown ways. Other behaviors, such as the scale at which a
species selects a particular habitat feature such as edge can affect
observed occupancy patterns (Oehler and Litvaitis 1996, Gehring
and Swihart 2003). For example, our data indicated that gray
foxes used areas near anthropogenic features at the landscape
scale and areas with potential high prey density and enhanced
predator avoidance at finer scales. Within the guild, patterns of
occupancy and temporal activity emerged based on body size and
expected diet; however, no 2 species shared the same patterns in
all of the analyses included in this study.

Bobcat
The relatively high occupancy and low detection probability of
bobcats that we observed suggests the species is wide ranging in
southern Illinois (Nielsen and Woolf 2001a), which is typical for
a highly carnivorous mammal. In addition to influencing
detectability, the wide-ranging behavior of bobcats likely also
influenced their scale of habitat selection. We observed less
model-selection uncertainty at the camera-cluster scale compared
to the local scale. At the finer scale, space use is likely more
random than at the larger scale. Patterns across spatial scales do
not appear linked for this wide-ranging species.
Although bobcats can exploit urban habitats (Riley et al. 2003),

our habitat occupancy data indicated that at the camera-
cluster scale, bobcats were negatively influenced by anthropo-
genic features, especially at the largest buffer scale evaluated. This
finding should be considered with the understanding that
urbanization within the study area ranged from relatively low to
moderate levels. Bobcats, especially adult females, appear to be
negatively affected by urbanization (Nielsen and Woolf 2001b,
Riley et al. 2003, Riley 2006). The species consistently uses
natural habitat to a greater extent than urban habitats. Further,
bobcats are sensitive to fragmentation and may become locally
extinct in highly fragmented areas (Crooks 2002). Unlike
Kolowski and Woolf (2002), we found weak support for bobcats
selecting sites based on microhabitat variables in southern
Illinois. We deployed remote cameras only in forested areas, so
our data do not provide information on the fine scale use of non-
forested habitat compared to forested habitat. Nevertheless, the
stronger selection at the largest scale suggests bobcats establish
home ranges in forested landscapes with the least anthropogenic

Table 10. Most supported multi-season occupancy (�2 AIC of top model) models (plus the null model (.)) at the camera-cluster scale for bobcat, gray fox, and red
fox. We modeled habitat factors potentially influencing bobcat colonization (g) and effects of habitat and presence of other carnivores on gray fox and red fox
extinction (e). We fit encounter-history data from surveys at 357 camera clusters over a 3-week period in the 16 southernmost counties of Illinois, USA, during
January–April 2008–2010. We fit all models using the most supported detection model for each species. The null (.) model is included for each species to assess
relative support for habitat and species interaction covariates. See Appendix F for full model sets.

Modela AICb DAIC wc Kd

Bobcat (g)
AGPL 1,217.58 0.00 0.495 8
(.) 1,220.37 2.79 0.123 7

Gray fox (e)
STHA 724.85 0.00 0.116 10
STHAþDTST 725.15 0.30 0.100 11
(.) 725.24 0.39 0.095 9
STHAþRDHA 725.48 0.63 0.085 11
STHAþBOBCAT 725.61 0.76 0.079 11
STHAþREDFOX 725.73 0.88 0.075 11
AGPLþBOBCAT 726.25 1.40 0.058 11
BOBCAT 726.26 1.41 0.057 10
FORPL 726.77 1.92 0.044 10

Red fox (e)
AGPL 522.65 0.00 0.252 9
AGPLþGRAYFOX 523.33 0.68 0.180 10
RDHAþDTRD 523.66 1.01 0.152 10
AGPLþBOBCAT 524.70 2.05 0.091 10
(.) 527.64 4.99 0.021 8

a AGPL, percentage camera-cluster buffer comprises agriculture patches; STHA, number of human structures per hectare; DTST, distance to nearest human
structure; RDHA, length of minor paved road per hectare; FORPL, percentage camera-cluster buffer comprises forest patches.

b Akaike’s Information Criterion.
c Model weight; the probability of that model being the best approximating model among those evaluated.
d Number of model parameters.
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Figure 12. Relationship of the total number of gray fox (open circles, solid
regression line) and red fox (triangles, dashed regression line) photographs
recorded with the total number of coyote photographs recorded during remote
camera surveys at 1,188 camera locations in 357 camera clusters in the 16
southernmost counties of Illinois, USA, during January–April 2008–2010.
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Table 11. Tests for whether the total number of gray fox, raccoon, red fox, and striped skunk photographs recorded (level of activity) in a camera cluster varied based
on local presence, occupancy (c), or activity of bobcats and coyotes. We fitted Poisson regression models to data from remote camera surveys at 1,188 camera
locations in 357 camera clusters over a 3-week period in the 16 southernmost counties of Illinois, USA, during January–April 2008–2010. We considered coefficient
estimates (b) with 95% confidence intervals (LCI: lower confidence interval limit; UCI: upper confidence interval limit) not overlapping 0 to be significant (*). We
used the Tukey–Kramer least squares means adjustment procedure for multiple comparisons to adjust means.

Gray fox Red fox Raccoon Striped skunk

Model b LCI UCI b LCI UCI b LCI UCI b LCI UCI

Bobcat
Detectiona �0.21 �0.58 0.16 �0.23 �0.64 0.18 *0.36 0.25 0.45 *0.46 0.12 0.79
cb �0.36 �0.84 0.26 *�1.12 �1.98 �0.26 *0.29 0.06 0.52 *1.82 0.99 2.64
Photographsc �0.11 �0.26 0.04 *�0.14 �0.16 �0.11 *0.05 0.03 0.07 0.05 �0.01 0.11

Coyote
Detectiona 0.24 �0.26 0.74 0.30 �0.25 0.85 *0.29 0.15 0.42 *0.49 0.01 0.98
Photographsc *�0.09 �0.17 �0.02 *�0.06 �0.02 �0.10 *0.05 0.04 0.06 *0.08 0.06 0.11

a Binary covariate based on the detection or non-detection in a camera-cluster.
b Model-averaged estimated probability of camera-cluster occupancy.
c Total number of photographs recorded in a camera-cluster after removing photographs taken of the species within 2 hr of another conspecific photo at the same
camera location.
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Figure 13. Relationship between the total number of raccoon (open circles, solid
regression line) and red fox (triangles, dashed regression line) photographs
recorded with the total number of bobcat photographs recorded during remote
camera surveys at 1,188 camera locations in 357 camera clusters in the 16
southernmost counties of Illinois, USA, during January–April 2008–2010.

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

0.2 0.4 0.6 0.8 1.0 

R
ac

co
on

 p
ho

to
gr

ap
hs

 (l
og

10
) 

R
ed

 fo
x 

ph
ot

og
ra

ph
s (

lo
g 1

0)
 

Bobcat  estimate 

Figure 14. Relationship of the total number of raccoon (open circles, solid
regression line) and red fox (triangles, dashed regression line) photographs
recorded in a camera cluster with the estimated bobcat camera-cluster occupancy
(c) based on occupancy models. We collected data during remote camera surveys
at 1,188 camera locations in 357 camera clusters in the 16 southernmost counties
of Illinois, USA, during January–April 2008–2010.

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

R
ac

co
on

 a
nd

 st
rip

ed
 sk

un
k 

ph
ot

og
ra

ph
s (

lo
g 1

0)
 

Coyote photographs (log10) 

Figure 15. Relationship of the total number of raccoon (open circles, solid
regression line) and striped skunk (triangles, dashed regression line) photographs
recorded with the total number of coyote photographs recorded during remote
camera surveys at 1,188 camera locations in 357 camera clusters in the 16
southernmost counties of Illinois, USA, during January–April 2008–2010.
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Figure 16. Relationship of the total number of raccoon (open bars) and striped
skunk (gray bars) photographs (with standard error bars) recorded in camera
clusters with and without bobcat and coyote photographs. Ndet¼ no photographs
for bobcat or coyote recorded. Det¼ at least one photograph recorded for bobcat
or coyote recorded. We collected data during remote camera surveys at 1,188
camera locations in 357 camera clusters in the 16 southernmost counties of
Illinois, USA, during January–April 2008–2010.
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influence available and occupy less natural habitat within those
areas.
Our temporal activity data agree with Kennedy (1999) that

bobcats are mostly crepuscular in southern Illinois. As a solitary
felid, bobcat home ranges are strongly affected by population
density, but prey availability also contributes to variation in space
use (Benson et al. 2006). Little evidence exists to suggest the
species shifts behavior to avoid competitors, particularly coyotes
(Witmer and deCalesta 1986, Wilson et al. 2010, this study).
Instead, there may be an overall increase in bobcat use in areas
with increased coyote presence. As suggested by Neale and Sacks
(2001b), these predators likely coexist by using resources
independently and differences in resource use are related to
fundamental niche differences as opposed to competition-
driven resource partitioning.

Coyote
Despite variable detection probability, coyotes were nearly
ubiquitous within our study region across a wide range of
habitat types, similar to previous studies (Person and Hirth 1991,
Grinder and Krausman 2001, O’Connell et al. 2006, Hackett
2008, Dodge and Kashian 2013). Across all scales, we found
lower coyote occupancy near anthropogenic features. Coyotes are
remarkable in their ability to exploit anthropogenic-
dominated landscapes (Gese et al. 1988, Person and Hirth

1991, Chamberlain et al. 2000, Kays et al. 2008, Gehrt and Riley
2010). However, most studies of urban coyotes have found that
their core areas typically contain forest patches (Grinder and
Krausman 2001, Riley et al. 2003, Gehrt et al. 2009).
Furthermore, coyote occupancy and abundance decline with
size and isolation of natural habitat patches (Crooks 2002). Based
on our occupancy data, coyotes regularly used areas with high
densities of edge habitat. Use of edge habitat has been observed
repeatedly for coyotes and may enhance this highly mobile
predator’s success of cursorial hunting (Van Valkenburgh 1985,
Bradley and Fagre 1988, Tigas et al. 2002, Thibault and Ouellet
2005, Gorini et al. 2012).
At the local scale, coyote occupancy was higher in open

understory and hardwood forest stands, which likely had higher
prey abundance and diversity than conifer stands (Healy and
Brooks 1988, Willson and Comet 1996, Rosenblatt et al. 1999).
Therefore, hardwood stand use is consistent with the hypothesis
that coyote diet and distribution is associated with prey
abundance (Windberg and Mitchell 1990, Mills and Knowlton
1991, Patterson and Messier 2001, Wilson et al. 2010), open-
canopy forest, edge habitats, and landscapes devoid of larger
canids (Person and Hirth 1991, Moorcroft et al. 2006, Kays et al.
2008). Gillen and Hellgren (2013) analyzed a subset of our
camera locations (n¼ 30) and found that coyote occurrence was
negatively related to the percent basal area of a forest stand
composed of hard-mast bearing trees (e.g., Quercus spp., Carya
spp.), suggesting that the type of hardwood forest may be
important to coyote occupancy patterns. We were not able to
examine such fine-scale habitat features, however.

Gray Fox
Gray foxes have experienced the greatest population decline of
the species in this guild in Illinois (Bluett 2013) and have
extensive evidence of interference competition from larger
carnivores. Their occupancy is likely to reflect a balance of
safety and adequate food, producing responses to different
variables at different spatial scales. Gray foxes were the only focal
species in this study whose occupancy at camera clusters was
associated with variables linked to different a priori hypotheses at
different scales of measurement. Most top-ranked occupancy
models with variables measured in buffers comparable to 100%
home-range size included anthropogenic features, whereas no
models including anthropogenic features measured within
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Figure 17. Relationship of the total number of bobcat photographs recorded with
the total number of coyote photographs recorded during remote camera surveys at
1,188 camera locations in 357 camera clusters in the 16 southernmost counties of
Illinois, USA, during January–April 2008–2010.

Table 12. Comparisons of activity (number of photographs) between diel periods for bobcat, coyote, gray fox, red fox, and striped skunk. We fitted Poisson
regression models to data from remote camera surveys at 357 camera clusters over a 3-week period in the 16 southernmost counties of Illinois, USA, during January–
April 2008–2010. We used the Tukey–Kramer multiple comparison procedure to adjust means and P values. We considered P values �0.05 to be significant.

Crepusculara—Diurnalb Crepuscular—Nocturnalc Diurnal—Nocturnal

Species t P t P t P

Bobcat 5.57 <0.01 2.02 0.11 �4.10 <0.01
Coyote 9.01 <0.01 �2.30 0.06 �10.32 <0.01
Gray fox 3.68 <0.01 �2.44 0.04 �4.71 <0.01
Raccoon 12.98 <0.01 �10.23 <0.01 �16.40 <0.01
Red fox 3.05 0.01 �0.61 0.81 �3.41 <0.01
Skunk 3.83 <0.01 �1.81 0.07 �4.69 <0.01

a Two hours before and after sunrise and sunset. Adjusted during study to account for changing times of sunrise and sunset.
b From 2 hr after sunrise to 2 hr before sunset.
c From 2 hr after sunset to 2 hr before sunrise.
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smaller (20% of home range) buffers received support. At the
buffer size of 100% home range, anthropogenic features differed
in their direction of effect. The mixed results and uncertainty
associated with the model selection suggests the need for a
nuanced view of gray fox occupancy in semi-urban landscapes.
Developed areas appear to provide relative refugia from coyotes
and bobcats but may have marginal resources. Riley (2006)
observed gray fox regularly using urban landscapes despite the
increased exposure to human-related mortality, which can be
quite high in some populations (Temple et al. 2010). However, a
meta-analysis of multiple studies in southern California revealed
a negative effect of urbanization on gray fox occurrence
(Orde~nana et al. 2010). Therefore, use of developed areas
should not be interpreted as ideal habitat but rather occupied
when better alternatives are not available.
Gray foxoccupancywaspositively related to landscapecomplexity

variableswithin the 20%ofhome-range buffer, suggesting a higher
degree of adaptation to fragmentation thanother carnivores,which

was observed statewide in Illinois (Cooper et al. 2012) and other
landscapes (Crooks 2002). Gray fox occupancy was negatively
associated with grassland and agriculture land cover and positively
associatedwith forest cover.Althoughfewstudies assessedmultiple
scales of selection simultaneously, gray fox use of forested habitats
has been repeatedly reported (Chamberlain and Leopold 2000,
Riley2006,Kelly andHolub2008,Templeet al. 2010,Cooperet al.
2012).
At the local scale, gray fox occupancy was lower in hardwood

than conifer stands, and decreased with distance to human
structures. Other studies have found that hardwood forest stands
were selected by gray foxes when establishing core areas and were
consistently used more than other habitats (Temple et al. 2010).
Our analysis of co-occurrence with coyotes provides a possible
explanation for the high degree of variation in gray fox selection

Table 13. Tests for whether diel period activity (photographs that were crepuscular, diurnal, or nocturnal) of bobcats, gray foxes, raccoons, red foxes, and striped
skunks varied based on the number of bobcat or coyote photographs recorded during the nocturnal period at a camera cluster. We fitted mixed-model logistic
regression models (camera-cluster as random effect) to data from remote camera surveys at 1,188 camera locations in 357 camera clusters in the 16 southernmost
counties of Illinois, USA, during January–April 2008–2010. We considered coefficient estimates (b) with 95% confidence intervals (LCI: lower confidence interval
limit; UCI: upper confidence interval limit) not overlapping 0 to be significant (*). Red fox-bobcat models did not converge.

Bobcat Coyote

Species Diel period b LCI UCI b LCI UCI

Bobcat Nocturnal *0.18 0.10 0.26
Bobcat Crepuscular �0.03 �0.13 0.08
Bobcat Diurnal 0.24 �0.16 0.65
Gray fox Nocturnal �0.26 �0.68 0.15 *�0.27 �0.44 �0.10
Gray fox Crepuscular 0.29 �0.16 0.73 *0.30 0.06 0.52
Gray fox Diurnal 0.85 �0.54 2.24 �0.10 �2.12 1.92
Raccoon Nocturnal 0.02 �0.18 0.21 *0.18 0.04 0.33
Raccoon Crepuscular 0.04 �0.25 0.33 0.03 �0.15 0.20
Raccoon Diurnal 0.70 �0.02 1.42 *0.53 0.10 0.95
Red fox Nocturnal *0.22 0.10 0.34
Red fox Crepuscular �0.12 �0.29 0.06
Red fox Diurnal �0.07 �1.34 1.19
Striped skunk Nocturnal 0.11 �0.02 0.25 0.11 0.01 0.21
Striped skunk Crepuscular �0.03 �0.25 0.20 0.01 �0.13 0.15
Striped skunk Diurnal �1.24 �3.17 0.69 *0.82 0.10 1.54

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 G
ra

y 
fo

x 
an

d 
re

d 
fo

x 
ph

ot
o 

in
 d

ie
l 

pe
rio

d 
(lo

g 1
0)

 

Coyote photographs in diel period (log10) 

Figure 18. Relationship between the number of gray fox (open circles, solid
regression line) and red fox (triangles, dashed regression line) photographs
recorded during diel period (crepuscular, diurnal, or nocturnal) with the number
of coyote photographs recorded during the same time period. We collected data
during remote camera surveys at 1,188 camera locations in 357 camera clusters in
the 16 southernmost counties of Illinois, USA, during January–April 2008–2010.
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Figure 19. Relationship between the number of raccoon photographs (with
standard error bars) recorded during crepuscular, diurnal, and nocturnal time
periods in camera clusters with and without bobcat and coyote photographs. We
collected data during remote camera surveys at 1,188 camera locations in 357
camera clusters in the 16 southernmost counties of Illinois, USA, during January–
April 2008–2010.
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of hardwood stands (see Co-occurrence Patterns below).
Although not a strong effect, gray foxes appeared to be associated
with higher amounts of coarse woody debris, which is positively
correlated with small mammal abundance in many forest habitats
(Loeb 1999, Bowman et al. 2000, McCay and Komoroski 2004,
Davis et al. 2010a). Therefore, the fine-scale distribution of gray
foxes is likely influenced by the availability of small-mammal prey
(Chamberlain and Leopold 2000).
Our colonization-extinction data indicated that gray fox

distribution in southern Illinois decreased during the study,
which is troubling because the species is of conservation concern
due to declining populations, which may increase extirpation risk
(Purvis et al. 2000). Canids are well known to exhibit strong
interference competition on moderately smaller canids (Donadio
and Buskirk 2006). Niche similarity probably explains this
antagonism between canids and other canids, whereas felids are
generally much more carnivorous than canids. Both bobcats and
coyotes may kill gray foxes, and bobcats can influence space use of
gray foxes in some landscapes (Fedriani et al. 2000, Farias et al.
2005). Like Neale and Sacks (2001a), we found no evidence that
bobcats influenced the spatial distribution, extinction patterns, or
daily activity patterns of gray foxes. Therefore, coyotes emerge as
the competitor more likely to be implicated in gray fox declines.
Gray foxes showed a number of negative trends associated

with local presence and activity of coyotes: occupancy (after
accounting for habitat), overall activity (which likely reflects
local abundance), and fraction of photographs at night. After
accounting for habitat, a camera cluster was about 3 times more
likely to be occupied by gray foxes if the area was unoccupied by
coyotes, suggesting a strong effect of interference competition.
Gray fox-coyote co-occurrence was more complicated to
interpret at the local scale than at the camera-cluster scale.
Although habitat was very influential for gray fox occupancy at
camera locations, adding the effect of coyote presence revealed
that gray foxes were more likely to co-occur with coyotes in
hardwood stands compared to conifer stands. We propose that
fine-scale habitat features may mediate inference competition in
2 ways that are not necessarily mutually exclusive. First,
hardwood trees may have morphology that makes climbing
them easier for gray foxes. The tree-climbing behavior of gray
foxes is an unusual behavior for canids and may serve as a
mechanism to avoid predators by escaping to refugia relatively
quickly (Yeager 1938, Sillero-Zubiri 2009). Most trees are
inaccessible by coyotes and if many trees that are suitable for
climbing are nearby, gray foxes likely have a higher probability of
escape from coyote predation. Second, mature hardwood stands
can support small-mammal populations with high abundances
(Mitchell et al. 1997, Miller et al. 2004, Ostfeld 2002).
Therefore, hardwood stands may serve as coexistence habitats
where high prey availability may mediate intraguild predation by
coyotes killing fewer foxes or enhancing gray fox populations’
ability to absorb losses caused by coyotes (Wilson et al. 2010).
Coyote activity also appeared to affect the timing and level of

activity of gray foxes. We recorded fewer gray fox photographs at
locations and periods with more coyote photographs. The effect
was observed both in a decrease in the total number of gray fox
photographs and during time periods with more coyote
photographs. The photographic results suggest gray foxes are

less active, or densities are lower in areas and times with more
coyote activity. Coyotes are approximately 200–400% heavier
than gray foxes, suggesting coyotes will dominate in interspecific
interactions. The ability of coyotes to affect the distribution of
foxes through domination, and in many cases by killing foxes has
been repeatedly observed (Sargeant and Allen 1989, Gese et al.
1996, Henke and Bryant 1999, Fedriani et al. 2000, Gosselink
et al. 2003). Therefore, the spatial and temporal activity shift of
gray foxes away from coyotes in this study suggested gray foxes
avoid areas of high predation risk when possible. Gray foxes
appear to be able to persist and exploit resources in the few
areas not occupied by coyotes, and coexist in areas of the
heterogeneous environment where predation risk is reduced.

Red Fox
As a small canid, red foxes are also vulnerable to strong intraguild
interference, particularly from coyotes. Red foxes appear to be
better adapted than gray foxes to find refuge in suburbs and other
highly human-modified habitats that coyotes appeared to avoid
in our study area. Red fox distribution was most associated with
anthropogenic features at each scale of analysis (Fig. 9), which
was expected because the species is increasingly common in urban
areas of Australia (Marks and Bloomfield 1999), Japan (Tsukada
et al. 2000), North America (Adkins and Stott 1998, Lewis et al.
1999), and especially Europe (Willingham et al. 1996, Gloor
et al. 2001). Historically, urban red foxes were thought to be a
British phenomenon, but now red foxes are the most abundant
urban wild carnivore globally (Harris and Smith 1987, Coman
et al. 1991, Gloor et al. 2001, Lavin et al. 2003). However, when
considering extreme ends of an urbanization continuum, red
foxes are most common in areas of intermediate urbanization
(i.e., house densities of <20/ha; Randa and Yunger 2006,
Soulsbury et al. 2010), which is typical for suburban development
and rural communities in southern Illinois (Storm et al. 2007).
Several characteristics of red foxes allow them to be successful in

urban habitats (McKinney 2002). They are a highly mobile,
medium-sized carnivore without specific food or habitat
requirements and have a high reproductive rate and gene flow
between populations (Wandeler et al. 2003, Soulsbury et al.
2010). Furthermore, red foxes have well-developed senses of
hearing, sight, and smell, and have behavioral plasticity to exploit
human-derived resources, primarily scavenged food, and avoid
human-caused mortality (Harris 1981b, Doncaster et al. 1990,
Saunders et al. 1993). The use of human-dominated landscapes
by red foxes should not necessarily be considered ideal habitat for
the species, but the habitat may provide mechanisms of
coexistence with dominant predators in heterogeneous land-
scapes if mortality is lower in urban habitats than in more natural
areas (Schmidt et al. 2000, Gosselink et al. 2003, 2007, Soulsbury
et al. 2010). Urban red fox distribution can be limited to areas
where free-ranging dogs and urban coyotes are absent or rare
(Harris 1981a, Gosselink et al. 2003). During this study, red fox
occupancy was higher near anthropogenic developments, but
those areas had few free-ranging dogs detected (D. Lesmeister,
unpublished data).
Red fox populations can be regulated by food, social regulation,

disease, and intraguild predation; hence, red foxes are influenced
by both bottom-up and top-down forces (Sargeant et al. 1987,
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Lindstr€om 1989, Lindstr€om et al. 1994, Gese et al. 1996,
Gosselink et al. 2007). Foxes may be limited by food supply when
prey abundance is low, and those effects may be compounded if
their diet overlaps highly with a dominant competitor. Given the
large size difference, coyotes are expected to dominate red foxes
in interference competition, and red foxes often have reduced use
in areas with high coyote activity (Randa and Yunger 2006).
Further, Lavin et al. (2003) found that coyotes were effective at
competitively excluding red foxes and may be an important factor
explaining the decline of red foxes in rural areas of Illinois. In our
study, red foxes co-occurred randomly with coyotes at the
camera-cluster scale; thus, there was no apparent large-
scale spatial adjustment by red foxes, either positively or
negatively, regarding coyote presence. The higher use of urban
habitats by red foxes may provide enough spatial partitioning to
allow coexistence in the study area.
An unexpected finding was that occupancy by red foxes at the

local scale was higher with the presence of coyotes and gray foxes.
As revealed by the low level of gray fox-coyote co-occurrence, the
3 species did not occur sympatrically at many camera locations;
thus, red foxes are likely to occur with only 1 other canid. Red fox
co-occurrence models combining species interactions and habitat
had 12–20 times more support than the top-ranked habitat-
only model. Our results of red fox co-occurrence patterns are
different from what is typically reported, especially with regard to
coyotes (Major and Sherburne 1987, Sargeant et al. 1987,
Harrison et al. 1989, Gosselink et al. 2003). We hypothesize red
foxes coexist with coyotes in southern Illinois by staying near
human structures and being more effective at hunting small prey.
Additionally, it should be recognized that red foxes may coexist
with coyotes through prey-mediated coexistence (Wilson et al.
2010), but our data were not able to elucidate that possibility. The
strong positive co-occurrence between red and gray foxes is
intriguing, given that their similarity in body size and diet implies
that they should have the most similar niches and therefore
greatest intensity of scramble competition of any 2 species in our
study. Such a positive spatial association between competitors
could arise from heterogeneous resource availability coupled with
keystone intraguild predation, if larger carnivores keep both
species’ abundances at levels below resource limitation (Holt et al.
1994). Alternatively, concordant occupancy by red and gray foxes
could reflect features that convey relative local safety from
interference competition. Discriminating between these possi-
bilities presents an intriguing avenue for future research.
Given the body size difference, it can be expected that bobcats

likely dominate red foxes in direct interactions, resulting in
spatial or temporal adjustments by the fox. Fewer red foxes were
recorded in areas with more bobcats photographed, and bobcats
and red foxes co-occurred less than by chance. Initially, one may
view this result as evidence of red foxes avoiding areas with higher
bobcat activity, but integrating the results suggests the spatial
partitioning is driven by other factors than interspecific
interactions. Including bobcat presence resulted in models that
ranked below red fox habitat-only models, suggesting that spatial
segregation of the 2 species is driven by differences in selection of
habitat, as hypothesized by McDonald et al. (2008). Major and
Sherburne (1987) also reported that scant evidence existed for
competitive relationship between bobcats and red foxes.

Raccoon
We recorded more photographs of raccoons than any other
species and most photographs were in sequence, suggesting they
were highly attracted to the bait. They were also very common in
the study area, being recorded in all but 3 camera clusters (>99%
of total). The ubiquity of raccoons made it impossible to assess
spatial distribution using detection–nondetection data; however,
we were able to quantify daily activity patterns and associations
with other carnivores. There was no evidence for spatial or
temporal avoidance by raccoons relative to the presence or
amount of activity of any other carnivore. Indeed, we found a
positive spatial association with bobcats and coyotes. Camera
clusters with more raccoon photographs also had more bobcat,
coyote, and striped skunk photographs. This shared higher
activity was not associated with any particular cover type,
suggesting coexistence was being facilitated by some other
enhanced resource, such as food, which was not measured
directly. The results underscore that raccoons are effective at
living sympatrically with larger carnivores, and that carnivore
relationships outside Canidae may not be dictated by body size
alone (Gehrt and Prange 2007).
Reduced competition, thus enhanced coexistence, between the

2 larger carnivores (bobcats and coyotes) and raccoons may be
because the larger carnivores are more carnivorous than raccoons.
Further, raccoons are larger than the typical prey of either bobcats
or coyotes and raccoons can effectively defend themselves and
food. Remote camera studies have produced evidence that
raccoons can effectively guard a deer carcass from bobcats and
coyotes (D. Lesmeister, unpublished data). Rogers and Caro
(1998) suggested that coyotes may be an effective tool for
conserving ground-nesting birds by reducing the abundance of
raccoons, an important nest predator. The lack of any apparent
negative effects of coyotes on raccoon activity in our study
provides additional support for Gehrt and Prange’s (2007)
assertion that coyotes are likely ineffective at suppressing raccoon
populations and in turn reducing raccoon nest predation.

Striped Skunk
The higher detection probability of striped skunks during
January, and especially February, compared to March and April
suggests a sharp increase in activity after periods of dormancy
during winter and during the February breeding season (Shirer
and Fitch 1970, Bixler and Gittleman 2000). The length of
winter dormancy displayed by skunks varies from approximately
3 months in northern climates (e.g., Sunquist 1974, Mutch and
Aleksiuk 1977) to no such dormancy in southern climates with
mild winters (e.g., Doty and Dowler 2006). A similar pattern is
observed regarding the level of communal denning. As observed
for striped skunks in west central Arkansas (D. Lesmeister,
unpublished data), short dormancy periods during winter (<3
months) are likely in southern Illinois and end with the beginning
of the breeding season. Another likely factor that contributed to
the detection probability pattern was the emergence of insects in
spring, which decreased the reliance on scavenged food
(attraction to bait).
Striped skunk occupancy was highest in areas away from roads

and in the privately owned and agriculturally dominated land in
the northern region of the study area. Our results indicated

Lesmeister et al. � Midwestern Carnivore Guild Structure 35



striped skunks had higher occupancy near human structures
(Fig. 9), which supported the hypothesis that the species readily
associates with human structures for denning and resting
(Larivi�ere and Messier 1998). In addition, urban areas with
moderate housing density may provide ample food resources for
opportunistic omnivores such as urban-adapted striped
skunks (McKinney 2002, Rosatte et al. 2010). Furthermore,
the evolved aposematic coloration of skunks, which is a well-
known signal to humans that the animal can accurately spray
noxious secretions from their anal glands, allows striped skunks
to be avoided and less likely to be persecuted by humans
(Stankowich et al. 2011).
Striped skunk occurrence was either unaffected by the presence

of other carnivores, or was higher at camera locations with other
carnivores present, suggesting striped skunks can coexist with
larger and potentially dangerous competitors. Although striped
skunks may be primarily nocturnal to reduce predation risk
(Neiswenter et al. 2010), we did not observe an adjustment in
daily activity or space use in areas with more intense carnivore
activity, a finding also observed by Prange and Gehrt (2007). On
the contrary, the defensive mechanisms of striped skunks may
influence the space use of larger carnivores. Their warning
coloration elicits avoidance behavior in other carnivores,
particularly those individuals that had learned about striped
skunk noxiousness through experience (Hunter 2008). The high
level of co-occurrence between striped skunks and other
carnivores likely reflects an unmeasured shared resource.

Patterns of Detection and Occupancy Within the Guild
As a community, the carnivores of southern Illinois had
moderate detection probabilities and several survey covariates
were important to explain the heterogeneity in photographic
histories. The ability to detect carnivores primarily depended on
month of survey, weather, and behavioral responses to baited
camera locations. The latter was true for coyotes and gray foxes
but especially so for raccoons and striped skunks, which were
particularly drawn to the baited sites. Collectively, detection
models reinforced the importance of accounting for imperfect
detection of carnivores when modeling species distributions
based on non-invasive survey methods (Gu and Swihart 2004,
Field et al. 2005, MacKenzie et al. 2006, Rota et al. 2011). Most
of the detection model sets had evidence of overdispersion
(ĉ> 1.80). These fitted models contained no habitat covariates,
therefore were unlikely to represent the data fully.
Patterns of single-species occupancy within this guild were

more strongly predicted by habitat features measured at the
camera-cluster scale than the local scale, which may reflect that
mesocarnivores are driven more by second-order than third-
order selection (Fig. 9). However, a species’ geographic range is
most easily determined at broad scales and increasingly difficult
at finer scales because localized distributions are influenced
by many more factors than climate and broad habitat occurrences.
Additionally, data may be inherently noisier at the local
scale, obscuring what could be a strong degree of selection for
the features at camera locations. Another possibility is that
we selected variables that more accurately reflect large-
scale patterns of occupancy rather than features influencing
small-scale movements.

A common occupancy predictor for all species at all scales was
that anthropogenic feature variables regularly occurred in top
models. Human structures and road density are the primary
influences of urbanization, which dramatically alters natural
communities and can strongly affect populations of carnivores of
any body size (Sunquist and Sunquist 2001, Kerley et al. 2002,
Riley et al. 2003, Grilo et al. 2009, Orde~nana et al. 2010).
Occupancy responses to anthropogenic features were loosely
associated with body size (Fig. 9). The larger carnivores (bobcats
and coyotes) had lower occupancy rates in proximity to
anthropogenic developments, whereas urban areas tended to
have higher occupancy by the 4 smaller carnivores. Therefore,
human-altered areas may serve as refugia from interference and
intraguild predation, as well as areas of concentrated food.
Following anthropogenic features in importance to carnivore

occupancy was landscape complexity, which was a positive
influence for coyotes and gray foxes. This association between the
canids and complex landscapes may be a reflection of their
importance as predators along edges in fragmented landscapes
(Donovan et al. 1997). Human-dominated areas are more
fragmented than most natural habitats and have an altered prey
base compared to natural habitats (Sauvajot et al. 1998, Schneider
2001). Body size and trophic position are strong indicators of
space and prey abundance required for carnivores; hence, larger
carnivores may be more negatively affected by small habitat
fragments because of prey abundance and space use requirements
(Crooks 2002). Alternatively, generalist species with high
mobility are less affected by fragmentation because they can
make more complete use of all habitats when moving through a
fragmented landscape (Gehring and Swihart 2003). The
decreased occupancy of urban areas by larger carnivores in this
study may be related to an avoidance of human persecution rather
than fragmentation. Larger bodied carnivores, especially canids,
are less tolerated by humans and experience greater mortality risk
in anthropogenic developments (Sillero-Zubiri and Laurenson
2001). Therefore, small carnivores may use urban areas to a
greater extent because they experience less mortality risk in those
areas than in areas with greater probability of occupancy by
bobcats and coyotes.

Co-Occurrence Patterns
With the exception of the gray fox-coyote pair, we observed little
evidence for spatial partitioning based on interspecific inter-
actions within the southern Illinois carnivore guild. We found
that habitat preferences were more important than interspecific
interactions in structuring the carnivore community. Given the
widespread observation of strong interference competition
among Carnivora (Donadio and Buskirk 2006), often reaching
extremes of intraguild predation (Palomares and Caro 1999), one
might assume that interference competition is a phenomenon
playing a central role in structuring communities order wide. Yet,
most cases of documented strong interference competition
among carnivores involve closely related species or species with
similar foraging strategies and high dietary overlap (Donadio and
Buskirk 2006). For example, Fedriani et al. (2000) observed
coyotes killing gray foxes and bobcats, and Creel and Creel
(1996) found that spotted hyaena (Crocuta crocuta) and lion
predation strongly influenced African wild dog populations. Our
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study differs from many others in that we took a community-
wide perspective and assessed coexistence between pairs of species
at multiple scales within a large region with local-scale and
landscape-scale heterogeneity incorporated. We found that
observed habitat occupancy and co-occurrence patterns are often
nonlinear with scale.
It is well documented that larger carnivores, especially coyotes,

may limit fox population distribution and abundance (Sargent
1982, Henke and Bryant 1999, Kitchen et al. 1999, Fedriani
et al. 2000). Indeed, among the most important influences of
coyotes on the broader community is likely their impact on fox
species. It seems plausible that the increase in coyotes is playing
a role in the decline of foxes in southern Illinois. Our data
indicate gray foxes are more likely to occupy areas without
coyotes but can coexist if sufficient refugia from predation are
available (e.g., trees suitable for climbing). Most canids are
remarkable in their ability to perceive and adapt behaviorally to
various threats. For example, in Montana, coyotes reduce
aggressive interactions with wolves not by completely avoiding
areas used by wolves but rather by avoiding dangerous resources
that are spatially and temporally discrete such as carrion
(Atwood and Gese 2010). Similarly, gray foxes and red foxes
reduce competitive asymmetry with coyotes by adapting their
behavior to the fluctuating risks associated with coyotes (Linnell
and Strand 2000). Foxes can reduce intraguild predation by
being vigilant and avoiding direct interactions without
generalized spatial avoidance of coyotes. Our data indicate
that hardwood stands had the highest levels of gray fox-
coyote coexistence, which we hypothesize is because the
morphology of hardwood trees facilitate rapid escape of gray
foxes from aggressive interactions with coyotes by climbing.
Further, we hypothesize that foxes can coexist with coyotes at
broad scales if there is an abundant shared resource (e.g., prey-
mediated coexistence) and suitable refugia available.
Many of the species pairs in our study co-occurred more than

expected by chance and their numbers of photographs were
positively correlated among sites. For example, both occupancy
and number of photographs of gray foxes and red foxes tended to
be positively correlated. Although gray foxes and red foxes may
compete for resources, their similar body size suggests that the
species are not a real danger to each other, which was also found
between other canid pairs of similar size (Mitchell and Banks
2005, Di Bitetti et al. 2009). The 2 fox species, which are smaller
than bobcats and coyotes, but larger than striped skunks, were less
active when and where the larger carnivores tended to be most
active. Conversely, raccoons and striped skunks did not appear to
be affected by the activity of the largest carnivores, thus intraguild
interactions appeared to be dependent on the amount of body-
size difference and species. Carnivore species, especially canids,
are most aggressive and display more interference behavior
(including intraguild killing) toward the species that is the next
size smaller (Crabtree and Sheldon 1999, Palomares and Caro
1999, Creel et al. 2001).
In all but 1 case (gray fox–red fox at the camera local scale), we

found that distributions of taxa were best predicted by habitat
variation alone rather than by patterns of co-occurrence of larger
or potentially competing carnivore taxa. Interactions among the 6
most abundant members of the carnivore community in southern

Illinois can be collectively viewed as relatively unimportant in
influencing distributions of individual species in comparison with
the effects of natural habitat and human disturbances. Of the 20
possible interactions of taxa (10 at the local scale and 10 at the
camera-cluster scale), no interacting species-only (focal species
habitat factors ignored) models received more than 0.03 model
weight support and most received no support. Although 11 of the
possible interactions had habitat plus interacting species models
with the most support, only 2 (gray fox-coyote and striped skunk-
bobcat at camera-cluster scale) interactions had occupancy
estimates for focal species that were lower with interacting
species present than without. Studies that show strong space-
use shifts as a result of intraguild interactions among carnivore
species have received much attention in ecological literature.
However, a number of studies have failed to identify competi-
tion-driven resource partitioning (e.g., Witmer and deCalesta
1986, Neale and Sacks 2001a, Wilson et al. 2010,Mattisson et al.
2011).
Carnivores use similar resources and thus have high niche

overlap, with partitioning occurring along �1 other niche
dimension than space or time, unless avoidance is fine scaled.
Coexistence is possible with broadly overlapping fundamental
niches if asymmetric competition occurs along �2 dimensions of
realized niches, with each competitor being superior to the other
in �1 dimension (e.g., interference or food acquisition;
Steinmetz et al. 2011). Although it appears to be relatively
common, this model of the niche and balanced competition may
be perceived as less dramatic than changes in space use and
activity patterns of 1 carnivore caused by another carnivore, thus
has received little attention in carnivore ecology. Given the
ecological diversity of Carnivora, which includes foraging
ecologies that range from frugivorous to strictly carnivorous,
these results should not be surprising because the fitness
advantage for strong and potentially risky interference competi-
tion is in many cases unclear. Indeed, our co-occurrence and
activity models suggest competitor-driven adjustments in space
use among members of a carnivore community might be the
exception rather than the norm. Theory and empirical evidence
suggest carnivores have evolved mechanisms of coexistence, even
with asymmetrical competitive advantages when members of 1
species dominate individuals of another species (Persson 1985).
In interference competition, larger animals are typically
competitively superior, especially when competition takes the
extreme form of intraguild predation. Smaller carnivores, on
the other hand, may be superior in exploitative competition
because of an enhanced ability to hunt specific prey (King 1989).
These differing advantages should fortify the selective pressure
leading to the evolution of hunting efficiency in smaller carnivores
and interference behavior in larger members of carnivore guilds
(Persson 1985). Additionally, coexistence within both predator-
prey and intraguild predator-intraguild prey systems typically is
enhanced in a heterogeneous environment with refugia from
predation (Sergio et al. 2003, Matter and Mannan 2005, Berger
2010, Creswell et al. 2010, Wilson et al. 2010).

MANAGEMENT IMPLICATIONS

Our results inform wildlife management via 3 main avenues:
considerations to improve future occupancy studies, evidence for
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broad-scale changes in species’ distribution and abundance, and
specific features that mediate the interaction between gray foxes
and coyotes. Occupancy surveys are important tools for
monitoring and managing populations of mesocarnivores. Our
study uncovered evidence that bobcats avoid camera traps,
whereas coyotes are attracted to the camera traps. Although
avoidance of remote cameras has been reported for other
carnivores (S�equin et al. 2003, Wegge et al. 2004, Jackson et al.
2006, Schipper 2007), to our knowledge it has not been
documented for bobcats. This result indicates that leaving remote
cameras in place for long periods produces diminishing returns
for bobcats and coyotes, because the behavioral response of
previously observed individuals will dominate the detection
history over time. Despite the labor cost, moving cameras to new
locations every 2 rather than 3 weeks is likely to provide more
usable information.
Our research also underscores the necessity of considering

responses at multiple spatial scales over large landscapes when
investigating carnivore ecology, particularly the effect of intra-
guild interactions. We found that different habitat features
influenced occupancy at different measurement scales, likely
reflecting a mixture of behavioral and demographic responses.
Such a range of scales would be difficult to observe in a design
based on systematic camera spacing. We, therefore, recommend
that researchers employ a hierarchical spatial design, as we did,
or a randomization scheme that explicitly incorporates a
range of camera spacing, such as the generalized random-
tessellation stratified (GRTS) design (Stevens and Olsen 2004).
Our study results corroborate other research suggesting the

abundance and distribution of bobcats had expanded over
the past 2 decades in Illinois, whereas those of gray foxes have
decreased (Nielsen and Woolf 2002, Roberts and Crimmins
2010, Bluett 2013). Sighting rates of bobcats in Illinois have
increased >10-fold since 1992 and show little sign of slowing,
with rates nearly doubling from 2007 to 2012 (Bluett 2013). Over
our 3-year study, colonization rates were >10-fold greater than
extinction rates for bobcats. However, we found that the
expansion of bobcats was slower in areas with more agricultural
landcover, indicating that future increases may be constrained
primarily to southern Illinois where agriculture is less prominent
on the landscape. High bobcat abundance can affect prey
populations, including white-tailed deer (Odocoileus virginianus),
and pose disease risk to domestic cats (Bevins et al. 2012).
Managing bobcat populations will require continued monitoring
and assessment of their net positive and negative impacts on other
wildlife and humans.
Our results are cause for concern about the long-

term persistence of gray foxes in Illinois for 3 reasons. First,
coyotes were widespread and their presence was negatively related
to gray fox occupancy at both local and camera-cluster scales.
Although we cannot definitively state that coyotes cause gray fox
decline, our research provides additional evidence that abundant
coyotes may be a factor. Options to manage Illinois coyote
populations via recreational harvest are limited, as hunting
coyotes is already legal year-round with no bag limit. Second,
gray foxes showed a localized distribution within our study area,
and increased extirpation risk is associated with small geographi-
cal range (Purvis et al. 2000). Third, gray foxes are already listed

as a species in greatest need of conservation in Illinois (IDNR
2005), so continued decline suggests that current species recovery
efforts are not effective. In light of these concerns, reassessing
gray fox harvest levels and considering remedial actions (e.g.,
localized intensive management of coyotes; Henke and Bryant
1999) may be warranted under an adaptive management
framework.
Finally, our study reveals habitat features that appear to

facilitate coexistence between gray foxes and coyotes. With
coyotes present, gray foxes were more likely to occupy camera
locations in hardwood stands than conifer stands—the opposite
of the pattern observed with coyotes absent. Mature hardwood
stands may contain trees with structure that enhances tree
climbing by gray foxes, a behavior that probably facilitates
coexistence with coyotes. This interaction between species co-
occurrence and habitat selection would have been missed by a
single-species approach. Efforts to manage gray foxes in regions
with abundant coyotes would likely benefit from a focus on
maintaining and increasing the amount of mature hardwood
forest.

SUMMARY

� We quantified habitat-specific patterns of occupancy and co-
occupancy at multiple scales for the carnivore guild in an area
with a carnivore community similar to that found throughout
the majority of the conterminous United States.

� The month of survey, weather, and species-specific behavioral
responses to baited camera locations affected our ability to
detect mesocarnivores in this study. These results underscore
the importance of accounting for factors that affect the
imperfect detection of carnivores.

� Bobcats and coyotes were widespread in the study area but had
lower occupancy rates with increased anthropogenic features
and infrastructure. Bobcats had high rates of colonization and
low rates of extinction during the study, suggesting an
expanding population, especially in nonagricultural land. At
the local scale, coyote occupancy was higher in hardwood forest
stands.

� Gray fox and red fox extinction rates were higher than
colonization rates, suggesting that both species may be
declining in southern Illinois. Gray foxes selected spatially
complex areas with anthropogenic features and high propor-
tions of forest, and low proportions of grassland and agriculture
land cover. At all 3 spatial scales of analysis, red foxes were
closely associated with anthropogenic features.

� Occupancy of red foxes at the camera-location was higher
when coyotes were present, and the 2 fox species appeared to
co-occur with each other more frequently than expected by
chance alone or on the basis of their individual selection of
habitat. These apparent canid associations may be a response to
locally high prey abundance or an unmeasured habitat variable.

� Striped skunks occupied a large portion of the study area and
were associated primarily with anthropogenic features,
especially if the features were surrounded by non-forest land.

� Raccoons were essentially ubiquitous within the study area,
being photographed in 99% of camera clusters, and the level of
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raccoon activity in a camera cluster was positively correlated
with the activity of bobcats and coyotes.

� We observed little evidence for spatial partitioning based on
interspecific interactions within the southern Illinois carnivore
guild and found that habitat preferences were more important
in structuring the carnivore community. An exception was that
gray fox occupancy and frequency of detections were reduced in
areas occupied by coyotes. Where gray foxes and coyotes
coexisted, it was more likely to be a hardwood stand than a
conifer stand. Hardwood stands may enhance gray fox-
coyote coexistence because hardwood trees have structure that
may be easier for tree-climbing gray foxes to escape coyote
predation. Efforts to conserve gray foxes should focus on
managing for mature oak-hickory forest, which presumably
provides a suitable prey base and refugia from intraguild
predation.

� The varying results from different scales of analyses reinforce
the need to consider multiple spatial scales over large
landscapes when investigating carnivore ecology, particularly
the effect of intraguild interactions. For some species (e.g., gray
fox), habitat features influenced occupancy at different
measurement scales, likely reflecting a mixture of behavioral
and demographic responses.
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APPENDIX A. NON-TARGET SPECIES

Taxonomic class and order of non-target species detected during a remote camera survey for upland carnivores in the 16 southernmost
counties of Illinois, USA, January–April 2008–2010.

APPENDIX B. DETECTION MODELS

Evaluation of survey covariates related to detection probabilities (p) for bobcats, coyotes, gray foxes, and red foxes in the 16
southernmost counties of Illinois, USA. To estimate p for each species, we held occupancy constant [c(.)] and fit encounter history
data from surveys at 1,188 remote camera sites in 357 camera clusters during January–April 2008–2010 to the candidate model set.We
included the null (.) model (p held constant across all surveys) for each species for assessment of relative strength of survey covariates to
explain heterogeneity in detection probabilities. The estimated overdispersion parameter (ĉ) is provided for global models.

Class Order Common name Species name

Aves Accipitriformes Red-tailed hawk Buteo jamaicensis
Aves Accipitriformes Turkey vulture Cathartes aura
Aves Galliformes Wild turkey Meleagris gallopavo
Aves Pelecaniformes Great blue heron Ardea herodias
Aves Strigiformes Barred owl Strix varia
Aves Strigiformes Great horned owl Bubo virginianus
Mammalia Artiodactyla Domestic cattle Bos primigenius
Mammalia Artiodactyla White-tailed deer Odocoileus virginianus
Mammalia Carnivora American mink Neovison vison
Mammalia Carnivora Domestic cat Felis catus
Mammalia Carnivora Domestic dog Canis lupus familiaris
Mammalia Carnivora Long-tailed weasel Mustela frenata
Mammalia Carnivora River otter Lontra canadensis
Mammalia Cingulata Nine-banded armadillo Dasypus novemcinctus
Mammalia Didelphimorphia Virginia opossum Didelphis virginiana
Mammalia Lagomorpha Eastern cottontail Sylvilagus floridanus
Mammalia Primates Human Homo sapiens
Mammalia Rodentia Beaver Castor canadensis
Mammalia Rodentia Eastern gray squirrel Sciurus carolinensis
Mammalia Rodentia Fox squirrel Sciurus niger
Mammalia Rodentia Mouse Peromyscus spp
Mammalia Rodentia Southern flying squirrel Glaucomys volans
Mammalia Rodentia Woodchuck Marmota monax

Modela AICb DAIC wc Kd Deviancede

Bobcat (local)
PRECIPþPREVDET 1,947.52 0.00 0.257 4 1,939.52
PRECIP 1,948.10 0.58 0.192 3 1,942.10
TEMP�PRECIP 1,948.42 0.90 0.164 3 1,942.42
(.) 1,949.57 2.05 0.092 2 1,945.57
PREVDET 1,949.67 2.15 0.088 3 1,943.67
TEMPþPRECIP 1,950.10 2.58 0.071 4 1,942.10
TEMP 1,951.47 3.95 0.036 3 1,945.47
TEMPþPREVDET 1,951.64 4.12 0.033 4 1,943.64
INT 1,952.19 4.67 0.025 4 1,944.19
YEAR 1,952.88 5.36 0.018 4 1,944.88
PRECIPþMONTH 1,953.81 6.29 0.011 6 1,941.81
MONTH 1,954.96 7.44 0.006 5 1,944.96
TEMPþMONTH 1,956.73 9.21 0.003 6 1,944.73
TEMPþPRECIPþTEMP�PRECIPþPREVDETþMONTHYEAR (ĉ¼ 2.02) 1,958.97 11.45 0.001 11 1,936.97

Bobcat (camera cluster)
PRECIP 1,239.47 0.00 0.278 3 1,233.47
TEMP�PRECIP 1,239.84 0.37 0.231 3 1,233.84
(.) 1,240.30 0.83 0.184 2 1,236.30
TEMPþPRECIP 1,241.45 1.98 0.103 4 1,233.45
TEMP 1,242.26 2.79 0.069 3 1,236.26
INT 1,243.26 3.79 0.042 4 1,235.26
YEAR 1,243.59 4.12 0.035 4 1,235.59
PRECIPþMONTH 1,244.87 5.40 0.019 6 1,232.87
MONTH 1,245.08 5.61 0.017 5 1,235.08
TEMPþPRECIPþMONTH 1,245.90 6.43 0.011 7 1,231.90

(Continued)
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APPENDIX B. (Continued)

Modela AICb DAIC wc Kd Deviancede

TEMPþMONTH 1,246.27 6.80 0.009 6 1,234.27
TEMPþPRECIPþTEMP�PRECIPþMONTHþYEAR (ĉ¼ 1.47) 1,249.56 10.09 0.002 10 1,229.56

Coyote (local)
TEMPþMONTH 3,922.97 0.00 0.254 6 3,910.97
TEMP 3,923.52 0.55 0.193 3 3,917.52
TEMPþPRECIPþTEMP�PRECIPþPREVDETþMONTHþYEAR (ĉ¼ 2.00) 3,923.73 0.76 0.174 11 3,901.73
TEMPþPREVDET 3,925.08 2.11 0.088 4 3,917.08
MONTH 3,925.10 2.13 0.088 5 3,915.10
TEMPþPRECIP 3,925.50 2.53 0.072 4 3,917.50
PRECIPþMONTH 3,926.93 3.96 0.035 6 3,914.93
TEMP�PRECIP 3,936.26 13.29 0.000 3 3,930.26
(.) 3,936.58 13.61 0.000 2 3,932.58
YEAR 3,937.53 14.56 0.000 4 3,929.53
PRECIP 3,937.81 14.84 0.000 3 3,931.81
PREVDET 3,938.51 15.54 0.000 3 3,932.51
PRECIPþPREVDET 3,939.73 16.76 0.000 4 3,931.73
INT 3,939.88 16.91 0.000 4 3,931.88

Coyote (camera cluster)
TEMPþPREVDET 1,681.02 0.00 0.929 4 1,673.02
TEMPþPRECIPþTEMP�PRECIPþPREVDETþMONTHþYEAR (ĉ¼ 1.62) 1,686.29 5.27 0.067 11 1,664.29
TEMP 1,693.47 12.45 0.002 3 1,687.47
PREVDET 1,695.15 14.13 0.001 3 1,689.15
TEMPþPRECIP 1,695.35 14.33 0.001 4 1,687.35
TEMPþMONTH 1,696.92 15.90 0.000 6 1,684.92
PRECIPþPREVDET 1,697.11 16.09 0.000 4 1,689.11
TEMPþMONTH 1,698.83 17.81 0.000 7 1,684.83
MONTH 1,700.38 19.36 0.000 5 1,690.38
PRECIPþMONTH 1,702.35 21.33 0.000 6 1,690.35
(.) 1,706.51 25.49 0.000 2 1,702.51
TEMP�PRECIP 1,707.73 26.71 0.000 3 1,701.73
YEAR 1,708.23 27.21 0.000 4 1,700.23
PRECIP 1,708.38 27.36 0.000 3 1,702.38
INT 1,708.81 27.79 0.000 4 1,700.81

Gray fox (local)
TEMP 1,264.53 0.00 0.355 3 1,258.53
TEMPþPREVDET 1,265.58 1.05 0.210 4 1,257.58
TEMPþPRECIP 1,266.36 1.83 0.142 4 1,258.36
TEMPþMONTH 1,266.87 2.34 0.110 6 1,254.87
MONTH 1,267.11 2.58 0.098 5 1,257.11
TEMPþPRECIPþMONTH 1,268.76 4.23 0.043 7 1,254.76
PRECIPþMONTH 1,269.10 4.57 0.036 6 1,257.10
TEMPþPRECIPþTEMP�PRECIPþPREVDETþMONTHþYEAR (ĉ¼ 1.23) 1,274.92 10.39 0.002 11 1,252.92
(.) 1,276.03 11.50 0.001 2 1,272.03
INT 1,276.38 11.85 0.001 4 1,268.38
TEMP�PRECIP 1,277.43 12.90 0.001 3 1,271.43
PREVDET 1,277.48 12.95 0.001 3 1,271.48
PRECIP 1,277.68 13.15 0.001 3 1,271.68
YEAR 1,278.51 13.98 0.000 4 1,270.51
PRECIPþPREVDET 1,279.31 14.78 0.000 4 1,271.31

Gray fox (camera cluster)
TEMPþPREVDET 738.07 0.00 0.909 4 730.07
PREVDET 743.74 5.67 0.053 3 737.74
PRECIPþPREVDET 745.52 7.45 0.022 4 737.52
TEMPþPRECIPþTEMP�PRECIPþPREVDETþMONTHþYEAR (ĉ¼ 1.66) 748.43 10.36 0.005 11 726.43
TEMP 749.20 11.13 0.004 3 743.20
TEMPþPRECIP 750.52 12.45 0.002 4 742.52
(.) 751.70 13.63 0.001 2 747.70
MONTH 752.17 14.10 0.001 5 742.17
TEMPþMONTH 752.41 14.34 0.001 6 740.41
YEAR 752.92 14.85 0.001 4 744.92
INT 753.23 15.16 0.001 4 745.23
PRECIP 753.64 15.57 0.000 3 747.64
TEMP�PRECIP 753.67 15.60 0.000 3 747.67
PRECIPþMONTH 753.90 15.83 0.000 6 741.90
TEMPþPRECIPþMONTH 753.92 15.85 0.000 7 739.92

Red fox (local)
YEAR 809.34 0.00 0.983 4 801.34
TEMPþPRECIPþTEMP�PRECIPþPREVDETþ MONTHþYEAR (ĉ¼ 2.84) 819.34 10.00 0.007 11 797.34
(.) 821.53 12.19 0.002 2 817.53

(Continued)
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Modela AICb DAIC wc Kd Deviancede

PREVDET 821.90 12.56 0.002 3 815.90
INT 823.34 14.00 0.001 4 815.34
PRECIP 823.42 14.08 0.001 3 817.42
TEMP 823.42 14.08 0.001 3 817.42
TEMP�PRECIP 823.46 14.12 0.001 3 817.46
PRECIPþPREVDET 823.77 14.43 0.001 4 815.77
TEMPþPREVDET 823.89 14.55 0.001 4 815.89
TEMPþPRECIP 825.25 15.91 0.000 4 817.25
MONTH 825.30 15.96 0.000 5 815.30
TEMPþMONTH 826.62 17.28 0.000 6 814.62
PRECIPþMONTH 827.28 17.94 0.000 6 815.28
TEMPþPRECIPþMONTH 828.59 19.25 0.000 7 814.59

Red fox (camera cluster)
YEAR 553.22 0.00 0.950 4 545.22
(.) 561.87 8.65 0.013 2 557.87
PREVDET 563.30 10.08 0.006 3 557.30
TEMP�PRECIP 563.80 10.58 0.005 3 557.80
PRECIP 563.80 10.58 0.005 3 557.80
TEMPþPRECIPþTEMP�PRECIPþPREVDETþMONTHþYEAR (ĉ¼ 2.36) 563.84 10.62 0.005 11 541.84
TEMP 563.86 10.64 0.005 3 557.86
INT 565.16 11.94 0.003 4 557.16
PRECIPþPREVDET 565.20 11.98 0.002 4 557.20
TEMPþPREVDET 565.29 12.07 0.002 4 557.29
TEMPþPRECIP 565.79 12.57 0.002 4 557.79
MONTH 566.07 12.85 0.002 5 556.07
TEMPþMONTH 567.27 14.05 0.001 6 555.27
PRECIPþMONTH 567.77 14.55 0.001 6 555.77
TEMPþPRECIPþMONTH 569.02 15.80 0.000 7 555.02

Striped skunk (local)
TEMPþPRECIPþTEMP�PRECIPþMONTHþYEAR (ĉ¼ 2.56) 2,539.61 0.00 0.577 10 2,519.61
TEMPþPRECIPþMONTH 2,541.17 1.56 0.264 7 2,527.17
PRECIPþMONTH 2,542.27 2.66 0.153 6 2,530.27
MONTH 2,549.79 10.18 0.004 5 2,539.79
TEMPþMONTH 2,550.00 10.39 0.003 6 2,538.00
TEMPþPREVDET 2,585.59 45.98 0.000 4 2,577.59
INT 2,605.96 66.35 0.000 4 2,597.96
PRECIPþPREVDET 2,616.56 76.95 0.000 4 2,608.56
TEMPþPRECIP 2,629.25 89.64 0.000 4 2,621.25
PREVDET 2,630.04 90.43 0.000 3 2,624.04
TEMP 2,633.98 94.37 0.000 3 2,627.98
TEMP�PRECIP 2,649.53 109.92 0.000 3 2,643.53
PRECIP 2,657.45 117.84 0.000 3 2,651.45
YEAR 2,665.42 125.81 0.000 4 2,657.42
(.) 2,666.89 127.28 0.000 2 2,662.89

Striped skunk (camera cluster)
TEMPþPRECIPþMONTH 1,249.28 0.00 0.533 7 1,235.28
TEMPþPREVDET 1,251.32 2.04 0.192 4 1,243.32
TEMPþPRECIPþTEMP�PRECIPþMONTHþYEAR (ĉ¼ 1.92) 1,251.60 2.32 0.167 10 1,231.60
TEMPþMONTH 1,253.73 4.45 0.058 6 1,241.73
PRECIPþMONTH 1,254.40 5.12 0.041 6 1,242.40
MONTH 1,257.62 8.34 0.008 5 1,247.62
PRECIPþPREVDET 1,267.91 18.63 0.000 4 1,259.91
PREVDET 1,273.47 24.19 0.000 3 1,267.47
INT 1,278.37 29.09 0.000 4 1,270.37
TEMPþPRECIP 1,303.56 54.28 0.000 4 1,295.56
TEMP 1,306.06 56.78 0.000 3 1,300.06
TEMP�PRECIP 1,306.82 57.54 0.000 3 1,300.82
PRECIP 1,308.74 59.46 0.000 3 1,302.74
(.) 1,312.99 63.71 0.000 2 1,308.99
YEAR 1,314.87 65.59 0.000 4 1,306.87

a PRECIP, sum of precipitation recorded during survey week; TEMP, average temperature recorded during survey week; INT, survey week-specific intercept;
detection probability calculated for each week of survey; PREVDET, previous photograph recorded at a camera location during a previous survey; MONTH,
month survey was conducted; YEAR, year survey was conducted.

b Akaike’s Information Criterion.
c Model probability.
d Number of model parameters.
e Difference in �2Log(Likelihood) of the current model and �2log(Likelihood) of the saturated model as a measure of model fit.
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APPENDIX C. SINGLE-SPECIES OCCUPANCY MODELS

Habitat occupancy results for bobcats, coyotes, gray foxes, and red foxes at 3 spatial scales (100% home range size, 20% of estimated
home range size derived from literature, and camera-location level) in the 16 southernmost counties of Illinois, USA. We fit
encounter-history data from 3-week surveys at 1,188 remote camera locations in 357 camera clusters during January–April 2008–2010
to the candidate model set at each spatial scale for each species. For all models, the probability of detection (p) was the most supported
model from scale-specific detectability modeling process for each species. We included the null (.) model (occupancy held constant
across all sites) for each species at each scale to assess relative support for habitat covariates. We provided the estimated overdispersion
parameter (ĉ) for most parameterized models.

Modela AICb DAIC wc Kd Deviancee

Bobcat (local: 314-m2 buffer)
STEMþSLOPE 1,946.88 0.00 0.119 6 1,934.88
STEMþSLOPEþDTRD 1,947.04 0.16 0.110 7 1,933.04
(.) 1,947.52 0.64 0.086 4 1,939.52
DTRD 1,947.67 0.79 0.080 5 1,937.67
HW 1,947.92 1.04 0.071 5 1,937.92
BAþCWD 1,948.11 1.23 0.064 6 1,936.11
BAþHW 1,948.30 1.42 0.058 6 1,936.30
STEM 1,948.38 1.50 0.056 5 1,938.38
CWD 1,948.70 1.82 0.048 5 1,938.70
DTST 1,948.73 1.85 0.047 5 1,938.73
HWþCWD 1,949.08 2.20 0.040 6 1,937.08
DTRDþDTST 1,949.33 2.45 0.035 6 1,937.33
PRIVATE 1,949.52 2.64 0.032 5 1,939.52
BAþHWþCWD 1,949.65 2.77 0.030 7 1,935.65
STEMþDTRDþDTST 1,950.14 3.26 0.023 7 1,936.14
DTSTþPRIVATE 1,950.64 3.76 0.018 6 1,938.64
CWDþDTSTRM 1,950.69 3.81 0.018 6 1,938.69
STEMþSLOPEþDTRDþDTSTþPRIVATE (ĉ¼ 1.88) 1,950.81 3.93 0.017 9 1,932.81
HWþCWDþDTSTRM 1,951.08 4.20 0.015 7 1,937.08
DTRDþDTSTþPRIVATE 1,951.33 4.45 0.013 7 1,937.33
STEMþDTSTþPRIVATE 1,951.51 4.63 0.012 7 1,937.51
BAþHWþWDþDTSTRM 1,951.64 4.76 0.011 8 1,935.64
STHAþRDHAþDTST 1,227.60 0.00 0.525 6 1,215.60

Bobcat (camera cluster: 20% of home range: 3.63-km2 buffer)
STHAþRDHAþDTST 1,230.29 0.00 0.607 6 1,218.29
STHAþRDHAþDTMJRDþDTSTþDTRD 1,232.66 2.37 0.186 8 1,216.66
STHAþRDHAþURPLþDTMJRDþDTSTþDTRDþDTMU 1,235.04 4.75 0.056 10 1,215.04
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 1,236.88 6.59 0.023 11 1,214.88
STHAþDTST 1,237.90 7.61 0.014 5 1,227.90
AGPL 1,238.16 7.87 0.012 4 1,230.16
RDHA 1,238.53 8.24 0.010 4 1,230.53
DTST 1,238.64 8.35 0.009 4 1,230.64
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTST
þDTRDþDTMUþPRIVATE (ĉ¼ 1.33)

1,238.65 8.36 0.009 13 1,212.65

STRMHA 1,239.20 8.91 0.007 4 1,231.20
STHAþRDHA 1,239.22 8.93 0.007 5 1,229.22
(.) 1,239.47 9.18 0.006 3 1,233.47
EDþARCV 1,239.51 9.22 0.006 5 1,229.51
FORPL 1,240.18 9.89 0.004 4 1,232.18
RDHAþDTRD 1,240.24 9.95 0.004 5 1,230.24
DTMJRD 1,241.03 10.74 0.003 4 1,233.03
ED 1,241.06 10.77 0.003 4 1,233.06
URPL 1,241.12 10.83 0.003 4 1,233.12
STHA 1,241.41 11.12 0.002 4 1,233.41
URPLþURPDþDTMU 1,241.45 11.16 0.002 6 1,229.45
GRPL 1,241.46 11.17 0.002 4 1,233.46
EDþARCVþSDI 1,241.49 11.20 0.002 6 1,229.49
RDHAþDTRDþDTMJRD 1,241.78 11.49 0.002 6 1,229.78
FORPLþGRPL 1,241.83 11.54 0.002 5 1,231.83
EDþ SDI 1,242.16 11.87 0.002 5 1,232.16
FORPLþFORPI 1,242.18 11.89 0.002 5 1,232.18
GRPLþGRPI 1,242.29 12.00 0.002 5 1,232.29
STHAþPRIVATE 1,242.32 12.03 0.002 5 1,232.32
URPLþURPD 1,242.55 12.26 0.001 5 1,232.55
EDþGRSIþFORSIþARCV 1,242.56 12.27 0.001 7 1,228.56
WASIþWESIþSTRMHA 1,242.61 12.32 0.001 6 1,230.61
GRSIþFORSI 1,243.24 12.95 0.001 5 1,233.24

(Continued)
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Modela AICb DAIC wc Kd Deviancee

RDHAþDTRDþDTMJRDþMJRDHA 1,243.29 13.00 0.001 7 1,229.29
FORPLþFORPIþGRPL 1,243.83 13.54 0.001 6 1,231.83
AGCLþFORPLþFORPIþGRPLþGRPI 1,243.96 13.67 0.001 8 1,227.96
ARCVþ SDIþFORSIþGRSI 1,244.08 13.79 0.001 7 1,230.08
FORPLþFORPIþGRPLþGRPI 1,244.09 13.80 0.001 7 1,230.09
EDþARCVþSDIþFORSIþGRSIþWASIþWESIþSTRMHA 1,246.75 16.46 0.000 11 1,224.75

Bobcat (camera cluster:100% home range: 18.15-km2 buffer)
STHAþRDHAþDTSTþDTRDþDTMJRD 1,228.70 1.10 0.303 8 1,212.70
STHAþRDHAþURPLþDTSTþDTRDþDTMUþDTMJRD 1,230.83 3.23 0.105 10 1,210.83
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 1,233.86 6.26 0.023 11 1,211.86
STHAþDTST 1,235.22 7.62 0.012 5 1,225.22
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTST
þDTRDþDTMUþPRIVATE (ĉ¼ 1.34)

1,236.30 8.70 0.007 13 1,210.30

RDHA 1,238.04 10.44 0.003 4 1,230.04
AGPL 1,238.54 10.94 0.002 4 1,230.54
DTST 1,238.64 11.04 0.002 4 1,230.64
RDHAþDTRD 1,239.05 11.45 0.002 5 1,229.05
STHA 1,239.16 11.56 0.002 4 1,231.16
STHAþPRIVATE 1,239.29 11.69 0.002 5 1,229.29
(.) 1,239.47 11.87 0.001 3 1,233.47
URPL 1,239.97 12.37 0.001 4 1,231.97
STRMHA 1,240.03 12.43 0.001 4 1,232.03
DTRD 1,240.21 12.61 0.001 4 1,232.21
URPD 1,240.48 12.88 0.001 4 1,232.48
RDHAþDTMJRDþDTRD 1,240.73 13.13 0.001 6 1,228.73
FORSIþGRSI 1,240.90 13.30 0.001 5 1,230.90
DTMJRD 1,241.03 13.43 0.001 4 1,233.03
FORPLþGRPL 1,241.04 13.44 0.001 5 1,231.04
GRPL 1,241.05 13.45 0.001 4 1,233.05
WASIþWESIþ STRMHA 1,241.38 13.78 0.001 6 1,229.38
ED 1,241.42 13.82 0.001 4 1,233.42
ARCVþ SDIþFORSIþGRSI 1,241.57 13.97 0.001 7 1,227.57
URPLþURPD 1,241.59 13.99 0.001 5 1,231.59
URPLþURPDþDTMU 1,241.67 14.07 0.001 6 1,229.67
FORPLþFORPI 1,241.93 14.33 0.000 5 1,231.93
EDþARCV 1,242.08 14.48 0.000 5 1,232.08
EDþARCVþFORSIþGRSI 1,242.08 14.48 0.000 7 1,228.08
RDHAþMJRDHAþDTMJRDþDTRD 1,242.65 15.05 0.000 7 1,228.65
FORPLþFORPIþGRPL 1,242.84 15.24 0.000 6 1,230.84
GRPLþGRPI 1,243.04 15.44 0.000 5 1,233.04
EDþSDI 1,243.34 15.74 0.000 5 1,233.34
EDþARCVþSDI 1,243.70 16.10 0.000 6 1,231.70
EDþARCVþSDIþFORSIþGRSIþWASIþWESIþSTRMHA 1,244.75 17.15 0.000 11 1,222.75

FORPLþFORPIþGRPLþGRPI 1,244.79 17.19 0.000 7 1,230.79
AGCLþFORPLþFORPIþGRPLþGRPI 1,246.78 19.18 0.000 8 1,230.78

Coyote (local: 314-m2 buffer)
STEMþ SLOPE 3,921.42 0.00 0.127 8 3,905.42
HW 3,921.61 0.19 0.116 7 3,907.61
STEM 3,921.66 0.24 0.113 7 3,907.66
STEMþDTRDþSLOPE 3,922.02 0.60 0.094 9 3,904.02
HWþCWD 3,922.46 1.04 0.076 8 3,906.46
(.) 3,922.97 1.55 0.059 6 3,910.97
DTRD 3,923.32 1.90 0.049 7 3,909.32
BAþHW 3,923.47 2.05 0.046 8 3,907.47
CWD 3,923.68 2.26 0.041 7 3,909.68
PRIVATE 3,923.96 2.54 0.036 7 3,909.96
STEMþDTRDþDTST 3,924.22 2.80 0.031 9 3,906.22
HWþCWDþDTSTRM 3,924.23 2.81 0.031 9 3,906.23
BAþHWþCWD 3,924.38 2.96 0.029 9 3,906.38
STEMþDTSTþPRIVATE 3,924.78 3.36 0.024 9 3,906.78
DTST 3,924.88 3.46 0.023 7 3,910.88
DTRDþDTST 3,925.32 3.90 0.018 8 3,909.32
CWDþDTSTRM 3,925.39 3.97 0.017 8 3,909.39
BAþCWD 3,925.39 3.97 0.017 8 3,909.39
DTSTþPRIVATE 3,925.49 4.07 0.017 8 3,909.49
STEMþ SLOPEþDTRDþDTSTþPRIVATE (ĉ¼ 1.77) 3,925.55 4.13 0.016 11 3,903.55
BAþHWþCWDþDTSTRM 3,926.17 4.75 0.012 10 3,906.17
DTRDþDTSTþPRIVATE 3,926.43 5.01 0.010 9 3,908.43

(Continued)

Lesmeister et al. � Midwestern Carnivore Guild Structure 49



APPENDIX C. (Continued)

Modela AICb DAIC wc Kd Deviancee

Coyote (camera cluster: 20% of home range: 4.38-km2 buffer)
ARCVþ SDIþFORSIþGRSI 1,673.64 0.00 0.303 8 1,657.64
FORSIþGRSI 1,675.12 1.48 0.145 6 1,663.12
EDþARCVþFORSIþGRSI 1,675.83 2.19 0.102 8 1,659.83
WASIþWESIþ STRMHA 1,677.11 3.47 0.054 7 1,663.11
URPLþURPDþDTMU 1,677.40 3.76 0.046 7 1,663.40
FORPLþFORPI 1,677.46 3.82 0.045 6 1,665.46
RDHAþDTRD 1,677.89 4.25 0.036 6 1,665.89
FORPL 1,678.05 4.41 0.033 5 1,668.05
RDHA 1,678.55 4.91 0.026 5 1,668.55
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 1,678.61 4.97 0.025 12 1,654.61
FORPLþFORPIþGRPL 1,678.85 5.21 0.022 7 1,664.85
EDþARCVþSDI 1,679.12 5.48 0.020 7 1,665.12
RDHAþDTRDþDTMJRD 1,679.79 6.15 0.014 7 1,665.79
FORPLþGRPL 1,680.00 6.36 0.013 6 1,668.00
STHAþRDHA 1,680.07 6.43 0.012 6 1,668.07
STHAþRDHAþURPLþURPDþDTMJRD DTSTþDTRDþDTMUþPRIVATE (ĉ¼ 1.38) 1,680.34 6.70 0.011 13 1,654.34
FORPLþFORPIþGRPLþGRPI 1,680.62 6.98 0.009 8 1,664.62
URPL 1,680.79 7.15 0.009 5 1,670.79
(.) 1,681.02 7.38 0.008 4 1,673.02
STRMHA 1,681.18 7.54 0.007 5 1,671.18
AGCLþFORPLþFORPIþGRPLþGRPI 1,681.28 7.64 0.007 9 1,663.28
STHA 1,681.63 7.99 0.006 5 1,671.63
STHAþRDHAþDTST 1,682.05 8.41 0.005 7 1,668.05
GRPL 1,682.17 8.53 0.004 5 1,672.17
URPLþURPD 1,682.19 8.55 0.004 6 1,670.19
EDþARCVþSDIþFORSIþGRSIþWASIþWESIþSTRMHA 1,682.38 8.74 0.004 12 1,658.38
ED 1,682.55 8.91 0.004 5 1,672.55
MJRDHA 1,682.59 8.95 0.004 5 1,672.59
AGPL 1,682.92 9.28 0.003 5 1,672.92
STHAþPRIVATE 1,683.14 9.50 0.003 6 1,671.14
EDþSDI 1,683.35 9.71 0.002 6 1,671.35
STHAþRDHAþDTMJRDþMJRDHA 1,683.36 9.72 0.002 8 1,667.36
STHAþDTST 1,683.42 9.78 0.002 6 1,671.42
GRPLþGRPI 1,683.83 10.19 0.002 6 1,671.83
STHAþRDHAþDTMJRDþDTSTþDTRD 1,683.86 10.22 0.002 9 1,665.86
EDþARCV 1,683.89 10.25 0.002 6 1,671.89

Coyote (camera cluster: 100% home range: 21.90-km2 buffer)
URPLþURPDþDTMU 1,674.57 0 0.5148 7 1,660.57
AGCLþFORPLþFORPIþGRPLþGRPI 1,677.14 2.57 0.1424 9 1,659.14
ED 1,680.12 5.55 0.0321 5 1,670.12
EDþARCV 1,680.49 5.92 0.0267 6 1,668.49
RDHA 1,680.59 6.02 0.0254 5 1,670.59
STHAþRDHA 1,680.80 6.23 0.0228 6 1,668.80
EDþSDI 1,680.87 6.3 0.0221 6 1,668.87
FORPLþFORPI 1,680.97 6.4 0.0210 6 1,668.97
(.) 1,681.02 6.45 0.0205 4 1,673.02
ARCVþ SDIþFORSIþGRSI 1,681.77 7.2 0.0141 8 1,665.77
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE (ĉ¼ 1.35) 1,681.83 7.26 0.0136 12 1,657.83
STRMHA 1,681.85 7.28 0.0135 5 1,671.85
WASIþWESIþ STRMHA 1,682.18 7.61 0.0115 7 1,668.18
EDþARCVþSDI 1,682.37 7.80 0.0104 7 1,668.37
DTRD 1,682.40 7.83 0.0103 5 1,672.40
RDHAþDTRD 1,682.54 7.97 0.0096 6 1,670.54
STHA 1,682.68 8.11 0.0089 5 1,672.68
DTST 1,682.69 8.12 0.0089 5 1,672.69
GRPL 1,682.80 8.23 0.0084 5 1,672.80
URPL 1,682.93 8.36 0.0079 5 1,672.93
FORPLþFORPIþGRPL 1,682.93 8.36 0.0079 7 1,668.93
AGPL 1,683.02 8.45 0.0075 5 1,673.02
FORPL 1,683.02 8.45 0.0075 5 1,673.02
URPLþURPD 1,683.09 8.52 0.0073 6 1,671.09
GRPLþGRPI 1,684.37 9.80 0.0038 6 1,672.37
RDHAþDTMJRDþDTRD 1,684.48 9.91 0.0036 7 1,670.48
STHAþDTST 1,684.55 9.98 0.0035 6 1,672.55
FORPLþFORPIþGRPLþGRPI 1,684.64 10.07 0.0033 8 1,668.64
STHAþPRIVATE 1,684.65 10.08 0.0033 6 1,672.65
FORSIþGRSI 1,684.83 10.26 0.0030 6 1,672.83
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FORPLþGRPL 1,685.02 10.45 0.0028 6 1,673.02
RDHAþDTRDþDTMJRDþMJRDHA 1,686.07 11.50 0.0016 8 1,670.07

Gray fox (local: 314-m2 buffer)
HWþCWDþDTSTRM 1,261.23 0.00 0.145 6 1,249.23
HWþCWD 1,261.28 0.05 0.142 5 1,251.28
HW 1,261.69 0.46 0.115 4 1,253.69
DTSTþPRIVATE 1,262.55 1.32 0.075 5 1,252.55
BAþHWþCWD 1,262.59 1.36 0.074 6 1,250.59
BAþHWþCWDþDTSTRM 1,262.67 1.44 0.071 7 1,248.67
BAþHW 1,262.71 1.48 0.069 5 1,252.71
CWDþDTSTRM 1,263.61 2.38 0.044 5 1,253.61
DTST 1,263.98 2.75 0.037 4 1,255.98
CWD 1,264.08 2.85 0.035 4 1,256.08
DTRDþDTSTþPRIVATE 1,264.30 3.07 0.031 6 1,252.30
STEMþDTSTþPRIVATE 1,264.33 3.10 0.031 6 1,252.33
(.) 1,264.53 3.30 0.028 3 1,258.53
PRIVATE 1,264.81 3.58 0.024 4 1,256.81
DTRDþDTST 1,265.98 4.75 0.014 5 1,255.98
BAþCWD 1,266.03 4.80 0.013 5 1,256.03
STEM 1,266.12 4.89 0.013 4 1,258.12
DTRD 1,266.42 5.19 0.011 4 1,258.42
STEMþ SLOPE 1,266.71 5.48 0.009 5 1,256.71
STEMþ SLOPEþDTRDþDTSTþPRIVATE (ĉ¼ 0.78) 1,266.83 5.60 0.009 8 1,250.83
STEMþDTRDþDTST 1,267.41 6.18 0.007 6 1,255.41
STEMþ SLOPEþDTRD 1,268.62 7.39 0.004 6 1,256.62

Gray fox (camera cluster: 20% of home range: 0.55-km2 buffer)
EDþSDI 731.06 0.00 0.343 6 719.06
EDþARCVþSDI 733.05 1.99 0.127 7 719.05
FORPLþFORPI 733.53 2.47 0.100 6 721.53
AGPL 733.67 2.61 0.093 5 723.67
FORPL 733.70 2.64 0.092 5 723.70
FORPLþFORPIþGRPL 735.48 4.42 0.038 7 721.48
SDI 735.55 4.49 0.036 5 725.55
FORPLþGRPL 735.69 4.63 0.034 6 723.69
FORPLþFORPIþGRPLþGRPI 736.43 5.37 0.023 8 720.43
GRPL 737.41 6.35 0.014 5 727.41
AGCLþFORPLþFORPIþGRPLþGRPI 737.49 6.43 0.014 9 719.49
(.) 738.07 7.01 0.010 4 730.07
ARCV 738.91 7.85 0.007 5 728.91
GRPLþGRPI 738.96 7.90 0.007 6 726.96
FORPI 739.14 8.08 0.006 5 729.14
ED 739.27 8.21 0.006 5 729.27
STRMHA 739.47 8.41 0.005 5 729.47
URPL 739.60 8.54 0.005 5 729.60
RDHA 739.86 8.80 0.004 5 729.86
STHA 739.90 8.84 0.004 5 729.90
EDþARCV 740.35 9.29 0.003 6 728.35
STHAþPRIVATE 740.54 9.48 0.003 6 728.54
ARCVþ SDIþFORSIþGRSI 740.77 9.71 0.003 8 724.77
EDþARCVþSDIþFORSIþGRSIþWASIþWESIþSTRMHA 741.13 10.07 0.002 12 717.13
URPLþURPD 741.56 10.50 0.002 6 729.56
GRSIþFORSI 741.57 10.51 0.002 6 729.57
RDHAþDTRD 741.64 10.58 0.002 6 729.64
STHAþRDHA 741.74 10.68 0.002 6 729.74
STHAþDTST 741.89 10.83 0.002 6 729.89
RDHAþDTRDþDTMJRD 741.91 10.85 0.002 7 727.91
WASIþWESIþ STRMHA 742.34 11.28 0.001 7 728.34
RDHAþDTRDþDTMJRDþMJRDHA 743.31 12.25 0.001 8 727.31
URPLþURPDþDTMU 743.54 12.48 0.001 7 729.54
EDþARCVþFORSIþGRSI 743.72 12.66 0.001 8 727.72
STHAþRDHAþDTST 743.73 12.67 0.001 7 729.73
STHAþRDHAþDTMJRDþDTSTþDTRD 745.57 14.51 0.000 9 727.57
STHAþRDHAþURPLþDTMJRDþDTSTþDTRDþDTMU 748.87 17.81 0.000 11 726.87
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 751.74 20.68 0.000 12 727.74
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTST
þDTRDþDTMUþPRIVATE (ĉ¼ 1.43)

752.37 21.31 0.000 14 724.37

Gray fox (camera cluster:100% home range: 2.75-km2 buffer)
RDHAþDTRDþDTMJRD 728.61 0.00 0.252 7 714.61
FORPL 730.07 1.46 0.121 5 720.07
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AGPL 730.16 1.55 0.116 5 720.16
RDHAþDTRDþDTMJRDþMJRDHA 730.52 1.91 0.097 8 714.52
RDHA 731.04 2.43 0.075 5 721.04
RDHAþDTRD 731.25 2.64 0.067 6 719.25
STHAþRDHAþDTMJRDþDTSTþDTRD 732.10 3.49 0.044 9 714.10
EDþSDI 732.41 3.80 0.038 6 720.41
STHAþRDHA 732.93 4.32 0.029 6 720.93
WASIþWESIþ STRMHA 733.22 4.61 0.025 7 719.22
STHAþRDHAþDTST 733.48 4.87 0.022 7 719.48
STRMHA 733.53 4.92 0.022 5 723.53
EDþARCVþSDI 734.38 5.77 0.014 7 720.38
FORPLþFORPI 735.16 6.55 0.010 6 723.16
EDþARCVþSDIþFORSIþGRSIþWASIþWESIþSTRMHA 735.21 6.60 0.009 12 711.21
FORPLþGRPL 735.40 6.79 0.008 6 723.40
AGCLþFORPLþFORPIþGRPLþGRPI 735.80 7.19 0.007 9 717.80
STHAþRDHAþURPLþDTMJRDþDTSTþDTRDþDTMU 735.99 7.38 0.006 11 713.99
FORSIþGRSI 736.31 7.70 0.005 6 724.31
STHAþPRIVATE 736.98 8.37 0.004 6 724.98
FORPLþFORPIþGRPL 736.99 8.38 0.004 7 722.99
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 737.63 9.02 0.003 12 713.63
STHA 737.80 9.19 0.003 5 727.80
(.) 738.07 9.46 0.002 4 730.07
GRPL 738.24 9.63 0.002 5 728.24
FORPLþFORPIþGRPLþGRPI 738.25 9.64 0.002 8 722.25
DTMJRD 738.41 9.80 0.002 5 728.41
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTST
þDTRDþDTMUþPRIVATE (ĉ¼ 1.42)

738.63 10.02 0.002 14 710.63

EDþARCV 738.77 10.16 0.002 6 726.77
URPL 739.00 10.39 0.001 5 729.00
EDþARCVþFORSIþGRSI 739.38 10.77 0.001 8 723.38
STHAþDTST 739.43 10.82 0.001 6 727.43
ARCVþ SDIþFORSIþGRSI 739.56 10.95 0.001 8 723.56
ED 739.75 11.14 0.001 5 729.75
DTRD 739.76 11.15 0.001 5 729.76
GRPLþGRPI 740.23 11.62 0.001 6 728.23
URPLþURPD 740.99 12.38 0.001 6 728.99
URPLþURPDþDTMU 742.99 14.38 0.000 7 728.99

Red fox (local: 314-m2 buffer)
DTST 793.67 0.00 0.382 5 783.67
DTSTþPRIVATE 794.91 1.24 0.206 6 782.91
DTRDþDTST 795.48 1.81 0.155 6 783.48
STEMþDTSTþPRIVATE 796.70 3.03 0.084 7 782.70
DTRDþDTSTþPRIVATE 796.86 3.19 0.078 7 782.86
STEMþDTRDþDTST 797.22 3.55 0.065 7 783.22
STEMþ SLOPEþDTRDþDTSTþPRIVATE (ĉ¼ 1.02) 798.75 5.08 0.030 9 780.75
PRIVATE 807.40 13.73 0.000 5 797.40
(.) 809.34 15.67 0.000 4 801.34
HW 810.28 16.61 0.000 5 800.28
DTRD 810.56 16.89 0.000 5 800.56
STEMþ SLOPE 811.05 17.38 0.000 6 799.05
STEM 811.08 17.41 0.000 5 801.08
CWD 811.08 17.41 0.000 5 801.08
HWþCWD 812.01 18.34 0.000 6 800.01
BAþHW 812.28 18.61 0.000 6 800.28
STEMþ SLOPEþDTRD 812.32 18.65 0.000 7 798.32
CWDþDTSTRM 812.63 18.96 0.000 6 800.63
BAþCWD 812.89 19.22 0.000 6 800.89
HWþCWDþDTSTRM 813.45 19.78 0.000 7 799.45
BAþHWþCWD 814.01 20.34 0.000 7 800.01
BAþHWþCWDþDTSTRM 815.45 21.78 0.000 8 799.45

Red fox (camera cluster: 20% of home range: 1.42-km2 buffer)
STHAþRDHAþDTMJRDþDTSTþDTRD 536.59 0.00 0.231 9 518.59
STHAþRDHAþDTST 536.73 0.14 0.216 7 522.73
RDHAþDTRDþDTMJRD 536.95 0.36 0.193 7 522.95
RDHAþDTRDþDTMJRDþMJRDHA 538.29 1.70 0.099 8 522.29
STHAþRDHAþURPLþDTMJRDþDTSTþDTMUþDTRD 538.59 2.00 0.085 11 516.59
STHAþRDHA 540.28 3.69 0.037 6 528.28
RDHAþDTRD 540.30 3.71 0.036 6 528.30
STHAþRDHAþURPLþURPDþDTSTþDTMUþDTRDþPRIVATE 540.32 3.73 0.036 12 516.32
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STHAþDTST 540.70 4.11 0.030 6 528.70
RDHA 541.74 5.15 0.018 5 531.74
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTSTþDTMU
þDTRDþPRIVATE (ĉ¼ 1.07)

543.87 7.28 0.006 14 515.87

STHA 544.85 8.26 0.004 5 534.85
URPL 545.33 8.74 0.003 5 535.33
STHAþPRIVATE 546.45 9.86 0.002 6 534.45
URPLþURPDþDTMU 546.83 10.24 0.001 7 532.83
URPLþURPD 547.08 10.49 0.001 6 535.08
ED 547.66 11.07 0.001 5 537.66
EDþARCV 549.41 12.82 0.000 6 537.41
EDþSDI 549.45 12.86 0.000 6 537.45
ARCVþ SDIþED 550.65 14.06 0.000 7 536.65
FORPLþFORPI 550.73 14.14 0.000 6 538.73
ARCVþ SDIþFORSIþGRSI 552.28 15.69 0.000 8 536.28
FORPLþFORPIþGRPL 552.72 16.13 0.000 7 538.72
FORPL 552.86 16.27 0.000 5 542.86
EDþARCVþFORSIþGRSI 552.98 16.39 0.000 8 536.98
(.) 553.22 16.63 0.000 4 545.22
GRPL 554.20 17.61 0.000 5 544.20
AGCLþFORPLþFORPIþGRPLþGRPI 554.38 17.79 0.000 9 536.38
FORPLþFORPIþGRPLþGRPI 554.40 17.81 0.000 8 538.40
FORPLþGRPL 554.85 18.26 0.000 6 542.85
STRMHA 554.99 18.40 0.000 5 544.99
AGPL 555.02 18.43 0.000 5 545.02
EDþARCVþSDIþFORSIþGRSIþWESIþWASIþSTRMHA 555.98 19.39 0.000 12 531.98
GRPLþGRPI 556.19 19.60 0.000 6 544.19
FORSIþGRSI 556.69 20.10 0.000 6 544.69
WASIþWESIþ STRMHA 558.24 21.65 0.000 7 544.24

Red fox (camera cluster: 100% home range: 7.09-km2 buffer)
STHAþRDHAþDTST 527.14 0.00 0.462 7 513.14
RDHA 529.00 1.86 0.182 5 519.00
STHAþRDHAþDTMJRDþDTSTþDTRD 529.47 2.33 0.144 9 511.47
RDHAþDTRD 530.01 2.87 0.110 6 518.01
RDHAþDTRDþDTMJRD 531.93 4.79 0.042 7 517.93
STHAþRDHAþURPLþDTMJRDþDTSTþDTRDþDTMU 533.22 6.08 0.022 11 511.22
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 533.73 6.59 0.017 12 509.73
RDHAþMJRDHAþDTMJRDþDTRD 533.83 6.69 0.016 8 517.83
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTST
þDTRDþDTMUþPRIVATE (ĉ¼ 0.64)

537.67 10.53 0.002 14 509.67

STHAþDTST 540.80 13.66 0.001 6 528.80
DTST 540.97 13.83 0.001 5 530.97
URPL 544.86 17.72 0.000 5 534.86
URPLþURPD 546.86 19.72 0.000 6 534.86
STHA 546.93 19.79 0.000 5 536.93
URPLþURPDþDTMU 547.31 20.17 0.000 7 533.31
STHAþPRIVATE 548.28 21.14 0.000 6 536.28
ED 548.84 21.70 0.000 5 538.84
EDþSDI 550.33 23.19 0.000 6 538.33
EDþARCV 550.66 23.52 0.000 6 538.66
EDþARCVþSDI 551.14 24.00 0.000 7 537.14
ARCVþ SDIþFORSIþGRSI 551.92 24.78 0.000 8 535.92
FORPL 552.48 25.34 0.000 5 542.48
EDþARCVþSDIþFORSIþGRSIþWASIþWESIþSTRMHA 552.83 25.69 0.000 12 528.83
(.) 553.22 26.08 0.000 4 545.22
STRMHA 553.39 26.25 0.000 5 543.39
GRPL 554.28 27.14 0.000 5 544.28
FORPLþFORPI 554.30 27.16 0.000 6 542.30
EDþARCVþFORSIþGRSI 554.36 27.22 0.000 8 538.36
AGPL 555.11 27.97 0.000 5 545.11
GRPLþGRPI 555.50 28.36 0.000 6 543.50
WASIþWESIþ STRMHA 555.62 28.48 0.000 7 541.62
FORSIþGRSI 555.72 28.58 0.000 6 543.72
FORPLþFORPIþGRPLþGRPI 556.86 29.72 0.000 8 540.86
AGCLþFORPLþFORPIþGRPLþGRPI 558.19 31.05 0.000 9 540.19

Striped skunk (local: 314-m2 buffer)
PRIVATE 2,524.80 0.00 0.382 11 2,502.80
DTRDþDTSTþPRIVATE 2,525.11 0.31 0.327 13 2,499.11
DTSTþPRIVATE 2,526.76 1.96 0.143 12 2,502.76
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STEMþ SLOPEþDTRDþDTSTþPRIVATE (ĉ¼ 1.63) 2,528.42 3.62 0.063 15 2,498.42
STEMþDTSTþPRIVATE 2,528.57 3.77 0.058 13 2,502.57
HWþCWD 2,533.16 8.36 0.006 12 2,509.16
HW 2,533.20 8.40 0.006 11 2,511.20
HWþCWDþDTSTRM 2,533.26 8.46 0.006 13 2,507.26
BAþHW 2,535.03 10.23 0.002 12 2,511.03
BAþHWþCWD 2,535.07 10.27 0.002 13 2,509.07
BAþHWþCWDþDTSTRM 2,535.11 10.31 0.002 14 2,507.11
DTRDþDTST 2,535.79 10.99 0.002 12 2,511.79
STEMþDTRDþDTST 2,537.72 12.92 0.001 13 2,511.72
DTRD 2,537.86 13.06 0.001 11 2,515.86
CWD 2,539.59 14.79 0.000 11 2,517.59
(.) 2,539.61 14.81 0.000 10 2,519.61
DTST 2,539.68 14.88 0.000 11 2,517.68
CWDþDTSTRM 2,539.92 15.12 0.000 12 2,515.92
STEMþ SLOPEþDTRD 2,541.01 16.21 0.000 13 2,515.01
BAþCWD 2,541.04 16.24 0.000 12 2,517.04
STEM 2,541.52 16.72 0.000 11 2,519.52
STEMþ SLOPE 2,542.70 17.90 0.000 12 2,518.70

Striped skunk (camera cluster: 20% of home range: 0.55-km2 buffer)
STHAþPRIVATE 1,243.41 0.00 0.266 9 1,225.41
AGPL 1,243.93 0.52 0.205 8 1,227.93
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTST
þDTRDþDTMUþPRIVATE (ĉ¼ 1.49)

1,245.57 2.16 0.090 17 1,211.57

RDHAþDTRDþDTMJRD 1,246.20 2.79 0.066 10 1,226.20
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 1,246.51 3.10 0.057 15 1,216.51
STHAþRDHAþDTMJRDþDTSTþDTRD 1,246.58 3.17 0.055 12 1,222.58
FORPL 1,247.15 3.74 0.041 8 1,231.15
RDHAþDTRD 1,247.25 3.84 0.039 9 1,229.25
RDHAþDTRDþDTMJRDþMJRDHA 1,247.75 4.34 0.030 11 1,225.75
FORPLþFORPI 1,248.68 5.27 0.019 9 1,230.68
STHAþRDHAþURPLþDTMJRDþDTSTþDTRDþDTMU 1,248.72 5.31 0.019 14 1,220.72
FORPLþGRPL 1,249.15 5.74 0.015 9 1,231.15
(.) 1,249.28 5.87 0.014 7 1,235.28
GRPL 1,249.66 6.25 0.012 8 1,233.66
FORSIþGRSI 1,250.50 7.09 0.008 9 1,232.50
FORPLþFORPIþGRPL 1,250.67 7.26 0.007 10 1,230.67
STRMHA 1,250.98 7.57 0.006 8 1,234.98
RDHA 1,251.12 7.71 0.006 8 1,235.12
ED 1,251.20 7.79 0.005 8 1,235.20
URPL 1,251.25 7.84 0.005 8 1,235.25
STHA 1,251.28 7.87 0.005 8 1,235.28
STHAþDTST 1,251.58 8.17 0.005 9 1,233.58
GRPLþGRPI 1,251.60 8.19 0.004 9 1,233.60
EDþARCV 1,252.25 8.84 0.003 9 1,234.25
FORPLþFORPIþGRPLþGRPI 1,252.67 9.26 0.003 11 1,230.67
STHAþRDHA 1,253.12 9.71 0.002 9 1,235.12
ARCVþ SDIþFORSIþGRSI 1,253.12 9.71 0.002 11 1,231.12
URPLþURPD 1,253.14 9.73 0.002 9 1,235.14
EDþARCVþFORSIþGRSI 1,253.16 9.75 0.002 11 1,231.16
EDþSDI 1,253.20 9.79 0.002 9 1,235.20
STHAþRDHAþDTST 1,253.40 9.99 0.002 10 1,233.40
EDþARCVþSDI 1,254.22 10.81 0.001 10 1,234.22
AGCLþFORPLþFORPIþGRPLþGRPI 1,254.28 10.87 0.001 12 1,230.28
URPLþURPDþDTMU 1,254.77 11.36 0.001 10 1,234.77
EDþARCVþSDIþFORSIþGRSIþWASIþWESIþSTRMHA 1,260.37 16.96 0.000 15 1,230.37
WASIþWESIþ STRMHA 1,300.11 56.70 0.000 10 1,280.11

Striped skunk (camera cluster:100% home range: 2.75-km2 buffer)
STHAþRDHAþDTMJRDþDTSTþDTRD 1,241.79 0.00 0.211 12 1,217.79
AGPL 1,241.98 0.19 0.192 8 1,225.98
STHAþPRIVATE 1,242.89 1.10 0.122 9 1,224.89
RDHAþDTRDþDTMJRD 1,243.13 1.34 0.108 10 1,223.13
STHAþRDHAþMJRDHAþURPLþURPDþDTMJRDþDTST
þDTRDþDTMUþPRIVATE (ĉ¼ 1.52)

1,243.29 1.50 0.100 17 1,209.29

STHAþRDHAþURPLþDTMJRDþDTSTþDTRDþDTMU 1,243.57 1.78 0.087 14 1,215.57
RDHAþDTMJRDþMJRDHAþDTRD 1,244.84 3.05 0.046 11 1,222.84
RDHAþDTRD 1,245.46 3.67 0.034 9 1,227.46
STHAþRDHAþURPLþURPDþDTSTþDTRDþDTMUþPRIVATE 1,246.10 4.31 0.025 15 1,216.10
FORPL 1,247.03 5.24 0.015 8 1,231.03
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APPENDIX D. CAMERA-LOCATION CO-OCCURRENCE MODELS

Camera-location co-occurrence model selection results for gray fox-bobcat (a), gray fox-coyote (b), gray fox-red fox (c), red fox-
bobcat (d), red fox-coyote (e), red fox-gray fox (f), striped skunk-bobcat (g), striped skunk-coyote (h), striped skunk-gray fox (i), and
striped skunk-red fox (j). To each candidate model set, we fit encounter-history data from surveys at 1,188 camera locations in the 16
southernmost counties of Illinois, USA, during January–April 2008–2010. We fit co-occurrence models using the most supported
detection model and the top 3–4 occupancy models for gray foxes and red foxes. We parameterized combined models of habitat and
interacting species in 2 ways: 1) added effect of interacting species and 2) interaction between habitat and interacting species (separate
intercept and separate b coefficient estimate for each habitat covariate based on presence of interacting species). We included the most
supported detection and occupancy models of interacting species to account for heterogeneity in detection and occupancy probabilities
of those species.

APPENDIX C. (Continued)

Modela AICb DAIC wc Kd Deviancee

FORPLþGRPL 1,248.69 6.90 0.007 9 1,230.69
FORPLþFORPI 1,248.82 7.03 0.006 9 1,230.82
ED 1,248.94 7.15 0.006 8 1,232.94
(.) 1,249.28 7.49 0.005 7 1,235.28
AGCLþFORPLþFORPIþGRPLþGRPI 1,249.46 7.67 0.005 12 1,225.46
URPL 1,250.12 8.33 0.003 8 1,234.12
FORPLþFORPIþGRPL 1,250.36 8.57 0.003 10 1,230.36
GRPL 1,250.37 8.58 0.003 8 1,234.37
EDþSDI 1,250.90 9.11 0.002 9 1,232.90
EDþARCV 1,250.91 9.12 0.002 9 1,232.91
STHAþDTST 1,251.01 9.22 0.002 9 1,233.01
STRMHA 1,251.15 9.36 0.002 8 1,235.15
STHA 1,251.24 9.45 0.002 8 1,235.24
RDHA 1,251.25 9.46 0.002 8 1,235.25
FORSIþGRSI 1,251.32 9.53 0.002 9 1,233.32
GRPLþGRPI 1,251.96 10.17 0.001 9 1,233.96
URPLþURPD 1,252.00 10.21 0.001 9 1,234.00
FORPLþFORPIþGRPLþGRPI 1,252.19 10.40 0.001 11 1,230.19
EDþARCVþSDI 1,252.89 11.10 0.001 10 1,232.89
WASIþWESIþ STRMHA 1,253.00 11.21 0.001 10 1,233.00
STHAþRDHAþDTST 1,253.01 11.22 0.001 10 1,233.01
STHAþRDHA 1,253.14 11.35 0.001 9 1,235.14
EDþARCVþFORSIþGRSI 1,253.84 12.05 0.001 11 1,231.84
ARCVþ SDIþFORSIþGRSI 1,254.64 12.85 0.000 11 1,232.64
RDHAþURPDþDTMU 1,254.69 12.90 0.000 10 1,234.69
EDþARCVþSDIþFORSI
þGRSIþWASIþWESIþSTRMHA

1,259.42 17.63 0.000 15 1,229.42

a STEM, number of woody stems along 4 10-m transects from remote camera; SLOPE, slope measured at remote camera location; DTRD, distance to nearest minor
paved road; DTST, distance to nearest human structure; PRIVATE, ownership (public or private) of remote camera location; BA, tree basal area measured inm2/ha
at remote camera; HW, Percentage of basal area at remote camera that were hardwood trees; CWD, number of coarse woody debris�10-cm diameter along 4 10-
m transects from remote camera; DTSTRM, distance to nearest linear water feature; STHA, number of human structures per hectare; RDHA, length of minor
paved road per hectare; MJRDHA, Length of major road per hectare; URPL, percentage camera-cluster buffer comprises urban patches; URPD, number of urban
patches per hectare; DTMJRD, distance to nearest major road; DTMU, distance to nearest municipality; ED, total length of patch edge per hectare; ARCV, patch
area coefficient of variation: standard deviation/mean patch size; SDI, Simpson’s diversity index, proportional abundance of each patch type; FORSI, forest shape
index, mean perimeter-to-area ratio of patch; GRSI, grassland shape index, mean perimeter-to-area ratio of patch; WASI, water shape index, mean perimeter-to-
area ratio of patch; WESI, wetland shape index, mean perimeter-to-area ratio of patch; STRMHA, length of stream per hectare; AGCL, agriculture clumpiness
(fragmentation) index, range: �1 to 1; FORPL, percentage camera-cluster buffer comprises forest patches; FORPI, forest proximity index; GRPL, percentage
camera-cluster buffer comprises grassland patches; GRPI, grassland proximity index.

b Akaike’s Information Criterion.
c Model probability.
d Number of model parameters.
e Difference in �2Log(Likelihood) of the current model and �2log(Likelihood) of the saturated model as a measure of model fit.

Modela AICb DAIC wc Kd Deviancee

Gray fox with bobcat
HWþCWDþDTSTRM 3,208.38 0.00 0.213 12 3,184.38
HWþ CWD 3,208.43 0.05 0.208 11 3,186.43
HW 3,208.83 0.45 0.170 10 3,188.83
HWþCWDþDTSTRMþBOBCAT 3,210.21 1.83 0.085 13 3,184.21
HWþCWDþBOBCAT 3,210.24 1.86 0.084 12 3,186.24
HWþBOBCAT 3,210.61 2.23 0.070 11 3,188.61
DTSTþPRIVATE 3,211.43 3.05 0.046 11 3,189.43

(Continued)
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Modela AICb DAIC wc Kd Deviancee

(.) 3,211.68 3.30 0.041 9 3,193.68
DTSTþPRIVATEþBOBCAT 3,213.30 4.92 0.018 12 3,189.30
BOBCAT 3,213.54 5.16 0.016 10 3,193.54
DTSTþPRIVATE�BOBCAT 3,217.05 8.67 0.003 14 3,189.05
HWþCWD�BOBCAT 3,217.76 9.38 0.002 14 3,189.76
HW�BOBCAT 3,217.90 9.52 0.002 12 3,193.90
HWþCWDþDTSTRM�BOBCAT 3,219.52 11.14 0.001 16 3,187.52

Gray fox with coyote
HW�COYOTE 5,183.22 0.00 0.142 14 5,155.22
HWþCWDþDTSTRM 5,183.25 0.03 0.140 14 5,155.25
HWþCWD 5,183.30 0.08 0.137 13 5,157.30
HW 5,183.71 0.49 0.111 12 5,159.71
HWþCWD�COYOTE 5,184.43 1.21 0.078 16 5,152.43
DTSTþPRIVATE 5,184.56 1.34 0.073 13 5,158.56
HWþCWDþDTSTRMþCOYOTE 5,184.63 1.41 0.070 15 5,154.63
HWþCWDþCOYOTE 5,184.69 1.47 0.068 14 5,156.69
HWþCOYOTE 5,185.25 2.03 0.052 13 5,159.25
HWþCWDþDTSTRM�COYOTE 5,185.94 2.72 0.037 18 5,149.94
DTSTþPRIVATEþCOYOTE 5,186.19 2.97 0.032 14 5,158.19
(.) 5,186.56 3.34 0.027 11 5,164.56
COYOTE 5,188.30 5.08 0.011 12 5,164.30
DTSTþPRIVATE�COYOTE 5,189.64 6.42 0.006 16 5,157.64

Gray fox with red fox
HWþCWDþREDFOX 2,048.71 0.00 0.246 11 2,026.71
HWþCWDþDTSTRMþREDFOX 2,048.82 0.11 0.233 12 2,024.82
HWþREDFOX 2,049.36 0.65 0.178 10 2,029.36
HW�REDFOX 2,051.27 2.56 0.068 11 2,029.27
DTST�REDFOX 2,051.45 2.74 0.063 11 2,029.45
DTSTþPRIVATE�REDFOX 2,051.59 2.88 0.058 13 2,025.59
DTSTþPRIVATEþREDFOX 2,052.50 3.79 0.037 11 2,030.50
HWþCWD�REDFOX 2,052.61 3.90 0.035 13 2,026.61
REDFOX 2,053.00 4.29 0.029 9 2,035.00
HWþCWDþDTSTRM�REDFOX 2,053.96 5.25 0.018 15 2,023.96
HWþCWDþDTSTRM 2,055.08 6.37 0.010 11 2,033.08
HWþCWD 2,055.13 6.42 0.010 10 2,035.13
HW 2,055.53 6.82 0.008 9 2,037.53
DTSTþPRIVATE 2,056.38 7.67 0.005 10 2,036.38
(.) 2,058.38 9.67 0.002 8 2,042.38

Red fox with bobcat
DTST 2,740.76 0.00 0.300 11 2,718.76
DTSTþPRIVATE 2,742.02 1.26 0.160 12 2,718.02
DTSTþBOBCAT 2,742.46 1.70 0.128 12 2,718.46
DTRDþDTST 2,742.58 1.82 0.121 12 2,718.58
DTSTþPRIVATEþBOBCAT 2,743.71 2.95 0.069 13 2,717.71
STEMþDTSTþPRIVATE 2,743.80 3.04 0.066 13 2,717.80
DTRDþDTSTþBOBCAT 2,744.30 3.54 0.051 13 2,718.30
DTST�BOBCAT 2,744.46 3.70 0.047 13 2,718.46
STEMþDTSTþPRIVATEþBOBCAT 2,745.47 4.71 0.029 14 2,717.47
STEMþDTSTþPRIVATE�BOBCAT 2,747.12 6.36 0.013 17 2,713.12
DTSTþPRIVATE�BOBCAT 2,747.48 6.72 0.010 15 2,717.48
DTRDþDTST�BOBCAT 2,748.28 7.52 0.007 15 2,718.28
(.) 2,756.48 15.72 0.000 10 2,736.48
BOBCAT 2,758.38 17.62 0.000 11 2,736.38

Red fox with coyote
DTSTþCOYOTE 4,709.62 0.00 0.356 14 4,681.62
DTST�COYOTE 4,710.80 1.18 0.198 15 4,680.80
DTSTþPRIVATEþCOYOTE 4,711.05 1.43 0.174 15 4,681.05
DTRDþDTSTþCOYOTE 4,711.53 1.91 0.137 15 4,681.53
DTRDþDTST�COYOTE 4,713.17 3.55 0.060 17 4,679.17
DTSTþPRIVATE�COYOTE 4,713.98 4.36 0.040 17 4,679.98
DTST 4,715.64 6.02 0.018 13 4,689.64
DTSTþPRIVATE 4,716.89 7.27 0.009 14 4,688.89
DTRDþDTST 4,717.46 7.84 0.007 14 4,689.46
COYOTE 4,726.23 16.61 0.000 13 4,700.23
(.) 4,731.36 21.74 0.000 12 4,707.36

Red fox with gray fox
DTST�GRAYFOX 2,050.18 0.00 0.338 13 2,024.18
DTSTþGRAYFOX 2,051.22 1.04 0.201 12 2,027.22
DTSTþPRIVATEþGRAYFOX 2,052.03 1.85 0.134 13 2,026.03
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Modela AICb DAIC wc Kd Deviancee

DTRDþDTST�GRAYFOX 2,052.64 2.46 0.099 15 2,022.64
DTSTþPRIVATE�GRAYFOX 2,052.88 2.70 0.088 15 2,022.88
DTRDþDTSTþGRAYFOX 2,053.02 2.84 0.082 13 2,027.02
DTST 2,055.08 4.90 0.029 11 2,033.08
DTSTþPRIVATE 2,056.33 6.15 0.016 12 2,032.33
DTRDþDTST 2,056.68 6.50 0.013 12 2,032.68
GRAYFOX 2,066.94 16.76 0.000 11 2,044.94
(.) 2,070.79 20.61 0.000 10 2,050.79

Striped skunk with bobcat
DTRDþDTSTþPRIVATE�BOBCAT 4,471.20 0.00 0.211 20 4,431.20
DTRDþDTSTþPRIVATE 4,471.21 0.01 0.210 16 4,439.21
PRIVATE 4,471.39 0.19 0.192 14 4,443.39
DTRDþDTSTþPRIVATEþBOBCAT 4,472.95 1.75 0.088 17 4,438.95
PRIVATEþBOBCAT 4,473.18 1.98 0.079 15 4,443.18
DTSTþPRIVATE 4,473.28 2.08 0.075 15 4,443.28
PRIVATE�BOBCAT 4,473.79 2.59 0.058 16 4,441.79
DTSTþPRIVATE�BOBCAT 4,473.84 2.64 0.056 18 4,437.84
DTSTþPRIVATEþBOBCAT 4,475.04 3.84 0.031 16 4,443.04
(.) 4,488.20 17.00 0.000 13 4,462.20
BOBCAT 4,490.02 18.82 0.000 14 4,462.02

Striped skunk with coyote
DTRDþDTSTþPRIVATEþCOYOTE 6,341.50 0.00 0.407 19 6,303.50
PRIVATEþCOYOTE 6,342.76 1.26 0.217 17 6,308.76
DTRDþDTSTþPRIVATE�COYOTE 6,343.97 2.47 0.118 22 6,299.97
DTSTþPRIVATEþCOYOTE 6,344.07 2.57 0.113 18 6,308.07
PRIVATE�COYOTE 6,344.34 2.84 0.098 18 6,308.34
DTSTþPRIVATE�COYOTE 6,345.85 4.35 0.046 20 6,305.85
COYOTE 6,361.38 19.88 0.000 16 6,329.38
DTRDþDTSTþPRIVATE 6,446.09 104.59 0.000 18 6,410.09
PRIVATE 6,446.27 104.77 0.000 16 6,414.27
DTSTþPRIVATE 6,448.15 106.65 0.000 17 6,414.15
(.) 6,449.36 107.86 0.000 15 6,419.36

Striped skunk with gray fox
DTRDþDTSTþPRIVATE�GRAYFOX 3,784.64 0.00 0.177 20 3,744.64
PRIVATEþGRAYFOX 3,784.84 0.20 0.160 15 3,754.84
DTRDþDTSTþPRIVATEþGRAYFOX 3,784.86 0.22 0.158 17 3,750.86
DTSTþPRIVATE�GRAYFOX 3,785.28 0.64 0.128 18 3,749.28
DTRDþDTSTþPRIVATE 3,785.53 0.89 0.113 16 3,753.53
PRIVATE 3,785.70 1.06 0.104 14 3,757.70
DTSTþPRIVATEþGRAYFOX 3,786.82 2.18 0.059 16 3,754.82
PRIVATE�GRAYFOX 3,786.82 2.18 0.059 16 3,754.82
DTSTþPRIVATE 3,787.59 2.95 0.040 15 3,757.59
GRAYFOX 3,801.75 17.11 0.000 14 3,773.75
(.) 3,802.51 17.87 0.000 13 3,776.51

Striped skunk with red fox
PRIVATEþREDFOX 3,312.48 0.00 0.333 14 3,284.48
DTRDþDTSTþPRIVATEþREDFOX 3,312.90 0.42 0.270 16 3,280.90
PRIVATE�REDFOX 3,314.41 1.93 0.127 15 3,284.41
DTSTþPRIVATEþREDFOX 3,314.43 1.95 0.126 15 3,284.43
DTRDþDTSTþPRIVATE�REDFOX 3,315.70 3.22 0.067 19 3,277.70
DTSTþPRIVATE�REDFOX 3,317.46 4.98 0.028 17 3,283.46
DTRDþDTSTþPRIVATE 3,317.91 5.43 0.022 15 3,287.91
PRIVATE 3,318.09 5.61 0.020 13 3,292.09
DTSTþPRIVATE 3,319.97 7.49 0.008 14 3,291.97
REDFOX 3,327.82 15.34 0.000 13 3,301.82
(.) 3,334.90 22.42 0.000 12 3,310.90

a STEM, number of woody stems along 4 10-m transects from remote camera; DTRD, distance to nearest minor paved road; DTST, distance to nearest human
structure; PRIVATE, ownership (public or private) of remote camera location; HW, percentage of basal area at remote camera that were hardwood trees; CWD,
number of coarse woody debris �10-cm diameter along 4 10-m transects from remote camera; DTSTRM, distance to nearest linear water feature.

b Akaike’s Information Criterion.
c Model probability.
d Number of model parameters.
e Difference in �2Log(Likelihood) of the current model and �2log(Likelihood) of the saturated model as a measure of model fit.
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APPENDIX E. CAMERA-CLUSTER CO-OCCURRENCE MODELS

Camera-cluster co-occurrence model selection results for gray fox-bobcat (a), gray fox-coyote (b), gray fox-red fox (c), red fox-
bobcat (d), red fox-coyote (e), red fox-gray fox (f), striped skunk-bobcat (g), striped skunk-coyote (h), striped skunk-gray fox (i), and
striped skunk-red fox (j). To each candidate model, we fit encounter-history data from surveys at 357 camera clusters (3–4 cameras per
cluster) in the 16 southernmost counties of Illinois, USA, during January–April 2008–2010. We parameterized combined models of
habitat and interacting species in 2 ways: 1) added effect of interacting species and 2) interaction between habitat and interacting
species (separate intercept and separate b coefficient estimate for each habitat covariate based on presence of interacting species). We
included the most supported detection and occupancy models of interacting species to account for heterogeneity in detection and
occupancy probabilities of those species.

Modela AICb DAIC wc Kd Deviancee

Gray fox with bobcat
RDHAþDTRDþDTMJRD 1,967.95 0.00 0.236 13 1,941.95
RDHAþDTRDþDTMJRDþBOBCAT 1,969.11 1.16 0.132 14 1,941.11
RDHAþDTRDþDTMJRDþMJRDHA 1,969.74 1.79 0.096 14 1,941.74
AGPL 1,969.74 1.79 0.096 11 1,947.74
FORPL 1,969.95 2.00 0.087 11 1,947.95
RDHA 1,970.34 2.39 0.071 11 1,948.34
RDHAþDTRDþDTMJRDþMJRDHAþBOBCAT 1,970.83 2.88 0.056 15 1,940.83
RDHAþBOBCAT 1,971.02 3.07 0.051 12 1,947.02
AGPLþBOBCAT 1,971.27 3.32 0.045 12 1,947.27
RDHA�BOBCAT 1,971.80 3.85 0.034 13 1,945.80
FORPLþBOBCAT 1,971.87 3.92 0.033 12 1,947.87
FORPL�BOBCAT 1,972.01 4.06 0.031 13 1,946.01
AGPL�BOBCAT 1,973.20 5.25 0.017 13 1,947.20
RDHAþDTRDþDTMJRD�BOBCAT 1,973.95 6.00 0.012 17 1,939.95
(.) 1,977.51 9.56 0.002 10 1,957.51
BOBCAT 1,979.46 11.51 0.001 11 1,957.46

Gray fox with coyote
RDHAþDTRDþDTMJRDþCOYOTE 2,413.82 0 0.2785 14 2,385.82
RDHAþDTRDþDTMJRDþMJRDHAþCOYOTE 2,415.38 1.56 0.1277 15 2,385.38
AGPLþCOYOTE 2,415.87 2.05 0.0999 12 2,391.87
RDHAþCOYOTE 2,416.02 2.2 0.0927 12 2,392.02
RDHAþDTRDþDTMJRD 2,416.60 2.78 0.0694 13 2,390.60
FORPLþCOYOTE 2,416.72 2.9 0.0653 12 2,392.72
RDHAþDTRDþDTMJRD�COYOTE 2,416.87 3.05 0.0606 17 2,382.87
AGPL�COYOTE 2,416.99 3.17 0.0571 13 2,390.99
RDHA�COYOTE 2,417.60 3.78 0.0421 13 2,391.60
RDHAþDTRDþDTMJRDþMJRDHA 2,418.36 4.54 0.0288 14 2,390.36
FORPL 2,418.37 4.55 0.0286 11 2,396.37
AGPL 2,418.65 4.83 0.0249 11 2,396.65
RDHA 2,418.94 5.12 0.0215 11 2,396.94
COYOTE 2,423.44 9.62 0.0023 11 2,401.44
(.) 2,426.35 12.53 0.0005 10 2,406.35

Gray fox with red fox
RDHAþDTRDþDTMJRD 1,268.59 0 0.1675 14 1,240.59
AGPLþREDFOX 1,268.60 0.01 0.1667 13 1,242.60
FORPLþREDFOX 12,69.26 0.67 0.1198 13 1,243.26
AGPL�REDFOX 1,270.00 1.41 0.0828 14 1,242.00
FORPL�REDFOX 1,270.19 1.6 0.0753 14 1,242.19
FORPL 1,270.34 1.75 0.0698 12 1,246.34
AGPL 1,270.37 1.78 0.0688 12 1,246.37
RDHAþDTRDþDTMJRDþMJRDHA 1,270.37 1.78 0.0688 15 1,240.37
RDHAþDTRDþDTMJRDþREDFOX 1,270.53 1.94 0.0635 15 1,240.53
RDHA 1,270.86 2.27 0.0539 12 1,246.86
RDHAþDTRDþDTMJRDþMJRDHAþREDFOX 1,272.30 3.71 0.0262 16 1,240.30
RDHAþREDFOX 1,272.78 4.19 0.0206 13 1,246.78
RDHA�REDFOX 1,273.72 5.13 0.0129 14 1,245.72
REDFOX 1,277.58 8.99 0.0019 12 1,253.58
(.) 1,278.07 9.48 0.0015 11 1,256.07

Red fox with bobcat
STHAþRDHAþDTST 1,754.74 0 0.3416 13 1,728.74
RDHA 1,756.61 1.87 0.1341 11 1,734.61
STHAþRDHAþDTSTþBOBCAT 1,756.74 2 0.1257 14 1,728.74
STHAþRDHAþDTMJRDþDTSTþDTRD 1,757.07 2.33 0.1065 15 1,727.07
RDHAþDTRD 1,757.61 2.87 0.0813 12 1,733.61
RDHAþBOBCAT 1,758.35 3.61 0.0562 12 1,734.35
STHAþRDHAþDTST�BOBCAT 1,758.96 4.22 0.0414 17 1,724.96
STHAþRDHAþDTMJRDþDTSTþDTRDþBOBCAT 1,759.07 4.33 0.0392 16 1,727.07

(Continued)

58 Wildlife Monographs � 191
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Modela AICb DAIC wc Kd Deviancee

RDHAþDTRDþBOBCAT 1,759.21 4.47 0.0365 13 1,733.21
RDHA�BOBCAT 1,759.90 5.16 0.0259 13 1,733.90
RDHAþDTRD�BOBCAT 1,761.87 7.13 0.0097 15 1,731.87
BOBCAT 1,778.06 23.32 0 11 1,756.06
(.) 1,780.83 26.09 0 10 1,760.83

Red fox with coyote
STHAþRDHAþDTST 2,200.78 0 0.3282 15 2,170.78
STHAþRDHAþDTSTþCOYOTE 2,202.52 1.74 0.1375 16 2,170.52
RDHA 2,202.64 1.86 0.1295 13 2,176.64
STHAþRDHAþDTMJRDþDTSTþDTRD 2,203.11 2.33 0.1024 17 2,169.11
STHAþRDHAþDTST�COYOTE 2,203.53 2.75 0.083 19 2,165.53
RDHAþDTRD 2,203.64 2.86 0.0786 14 2,175.64
RDHAþCOYOTE 2,204.61 3.83 0.0484 14 2,176.61
STHAþRDHAþDTMJRDþDTSTþDTRDþCOYOTE 2,204.76 3.98 0.0449 18 2,168.76
RDHAþDTRDþCOYOTE 2,205.58 4.8 0.0298 15 2,175.58
RDHA�COYOTE 2,206.61 5.83 0.0178 15 2,176.61
(.) 2,226.86 26.08 0 12 2,202.86
COYOTE 2,228.85 28.07 0 13 2,202.85

Red fox with gray fox
STHAþRDHAþDTST 1,255.75 0 0.3597 14 1,227.75
RDHA 1,257.61 1.86 0.1419 12 1,233.61
STHAþRDHAþDTSTþGRAYFOX 1,257.64 1.89 0.1398 15 1,227.64
STHAþRDHAþDTMJRDþDTSTþDTRD 1,258.08 2.33 0.1122 16 1,226.08
RDHAþDTRD 1,258.61 2.86 0.0861 13 1,232.61
RDHAþGRAYFOX 1,259.61 3.86 0.0522 13 1,233.61
STHAþRDHAþDTMJRDþDTSTþDTRDþGRAYFOX 1,259.98 4.23 0.0434 17 1,225.98
RDHA�GRAYFOX 1,260.59 4.84 0.032 14 1,232.59
RDHAþDTRDþGRAYFOX 1,260.61 4.86 0.0317 14 1,232.61
RDHAþDTRD�GRAYFOX 1,267.55 11.8 0.001 16 1,235.55
GRAYFOX 1,279.49 23.74 0 12 1,255.49
(.) 1,281.83 26.08 0 11 1,259.83

Striped skunk with bobcat
AGPL�BOBCAT 2,505.44 0.00 0.343 15 2,475.44
AGPL 2,506.87 1.43 0.168 13 2,480.87
AGPLþBOBCAT 2,507.91 2.47 0.100 14 2,479.91
RDHAþDTMJRDþDTRD�BOBCAT 2,508.11 2.67 0.090 19 2,470.11
STHAþRDHAþDTMJRDþDTSTþDTRD 2,508.66 3.22 0.069 17 2,474.66
RDHAþDTMJRDþDTRD 2,508.82 3.38 0.063 15 2,478.82
RDHAþDTMJRDþDTRDþBOBCAT 2,509.21 3.77 0.052 16 2,477.21
STHAþPRIVATE 2,509.70 4.26 0.041 14 2,481.70
STHAþRDHAþDTMJRDþDTSTþDTRDþBOBCAT 2,510.41 4.97 0.029 18 2,474.41
STHAþPRIVATEþBOBCAT 2,510.74 5.30 0.024 15 2,480.74
STHAþRDHAþDTMJRDþDTSTþDTRD�BOBCAT 2,513.16 7.72 0.007 23 2,467.16
(.) 2,513.65 8.21 0.006 12 2,489.65
BOBCAT 2,513.75 8.31 0.005 13 2,487.75
STHAþPRIVATE�BOBCAT 2,514.41 8.97 0.004 17 2,480.41

Striped skunk with coyote
AGPL�COYOTE 2,916.79 0.00 0.245 14 2,888.79
STHAþPRIVATE�COYOTE 2,917.28 0.49 0.192 16 2,885.28
STHAþRDHAþDTMJRDþDTSTþDTRD�COYOTE 2,917.29 0.50 0.191 22 2,873.29
STHAþRDHAþDTMJRDþDTSTþDTRDþCOYOTE 2,917.41 0.62 0.180 17 2,883.41
AGPLþCOYOTE 2,918.67 1.88 0.096 13 2,892.67
STHAþPRIVATEþCOYOTE 2,919.22 2.43 0.073 14 2,891.22
AGPL 2,923.00 6.21 0.011 12 2,899.00
STHAþPRIVATE 2,923.91 7.12 0.007 13 2,897.91
COYOTE 2,925.41 8.62 0.003 12 2,901.41
STHAþRDHAþDTMJRDþDTSTþDTRD 2,926.65 9.86 0.002 16 2,894.65
(.) 2,930.30 13.51 0.000 11 2,908.30

Striped skunk with gray fox
AGPLþGRAYFOX 1,965.70 0.00 0.392 16 1,933.70
AGPL�GRAYFOX 1,967.42 1.72 0.166 17 1,933.42
STHAþPRIVATEþGRAYFOX 1,967.99 2.29 0.125 17 1,933.99
STHAþRDHAþDTMJRDþDTSTþDTRD�GRAYFOX 1,968.77 3.07 0.084 25 1,918.77
STHAþRDHAþDTMJRDþDTSTþDTRDþGRAYFOX 1,968.88 3.18 0.080 20 1,928.88
STHAþPRIVATE�GRAYFOX 1,969.83 4.13 0.050 19 1,931.83
STHAþRDHAþDTMJRDþDTSTþDTRD 1,970.39 4.69 0.038 19 1,932.39
AGPL 1,970.59 4.89 0.034 15 1,940.59
STHAþPRIVATE 1,971.50 5.80 0.022 16 1,939.50
GRAYFOX 1,972.96 7.26 0.010 15 1,942.96
(.) 1,977.89 12.19 0.001 14 1,949.89
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APPENDIX F. COLONIZATION AND EXTINCTION MODELS

Camera-cluster multi-year model selection results for bobcat (Lynx rufus), gray fox (Urocyon cinereoargenteus), and red fox (Vulpes
vulpes). For bobcats, we modeled 100% home-range scale habitat factors potentially influencing site colonization (g). We modeled
factors that may influence site extinction (e) of gray foxes and red foxes with combinations of 100% home-range scale habitat and
carnivore (bobcat, gray fox, and red fox) occupancy estimates. We fit encounter-history data from surveys at 357 camera clusters (3–4
cameras per cluster) in the 16 southernmost counties of Illinois, USA, during January–April 2008–2010, to each candidate model set.
We fit all models using the most supported detection model for each species.We included the null (.) extinction model for each species
to assess relative support for habitat and species interaction covariates.

APPENDIX E. (Continued)

Modela AICb DAIC wc Kd Deviancee

Striped skunk with red fox
STHAþRDHAþDTMJRDþDTSTþDTRD 1,768.93 0.00 0.198 19 1,730.93
AGPL 1,769.12 0.19 0.181 15 1,739.12
STHAþPRIVATE 1,770.03 1.10 0.115 16 1,738.03
RDHAþDTMJRDþDTRD 1,770.27 1.34 0.102 17 1,736.27
AGPLþREDFOX 1,770.33 1.40 0.099 16 1,738.33
STHAþRDHAþDTMJRDþDTSTþDTRDþREDFOX 1,770.90 1.97 0.074 20 1,730.90
STHAþPRIVATEþREDFOX 1,770.95 2.02 0.072 17 1,736.95
AGPL�REDFOX 1,771.37 2.44 0.059 17 1,737.37
RDHAþDTMJRDþDTRDþREDFOX 1,772.27 3.34 0.037 18 1,736.27
RDHAþDTMJRDþDTRD�REDFOX 1,772.47 3.54 0.034 21 1,730.47
STHAþPRIVATE�REDFOX 1,774.62 5.69 0.012 19 1,736.62
STHAþRDHAþDTMJRDþDTSTþDTRD�REDFOX 1,774.64 5.71 0.011 25 1,724.64
(.) 1,776.42 7.49 0.005 14 1,748.42
REDFOX 1,777.48 8.55 0.003 15 1,747.48

a DTRD, distance to nearest minor paved road; DTST, distance to nearest human structure; PRIVATE, ownership (public or private) of remote camera location;
STHA, number of human structures per hectare; RDHA, length of minor paved road per hectare;MJRDHA, length of major road per hectare; DTMJRD, distance
to nearest major road; FORPL, percentage camera-cluster buffer comprises forest patches; AGPL, percentage camera-cluster buffer comprises agriculture patches.

b Akaike’s Information Criterion.
c Model probability.
d Number of model parameters.
e Difference in -2Log(Likelihood) of the current model and -2log(Likelihood) of the saturated model as a measure of model fit.

Modela AICb DAIC wc Kd Deviancee

Bobcat (g)
AGPL 1,217.58 0.00 0.495 8 1,201.58
(.) 1,220.37 2.79 0.123 7 1,206.37
STHA 1,220.95 3.37 0.092 8 1,204.95
GRPL 1,221.70 4.12 0.063 8 1,205.70
RDHA 1,221.98 4.40 0.055 8 1,205.98
FORPL 1,222.35 4.77 0.046 8 1,206.35
STHAþDTST 1,222.67 5.09 0.039 9 1,204.67
RDHAþDTRD 1,222.73 5.15 0.038 9 1,204.73
STHAþRDHA 1,222.91 5.33 0.034 9 1,204.91
STHAþRDHAþDTST 1,224.65 7.07 0.014 10 1,204.65
STHAþRDHAþDTSTþDTRDþDTMJRD 1,228.55 10.97 0.002 12 1,204.55

Gray fox (e)
STHA 724.85 0.00 0.116 10 704.85
STHAþDTST 725.15 0.30 0.100 11 703.15
(.) 725.24 0.39 0.095 9 707.24
STHAþRDHA 725.48 0.63 0.085 11 703.48
STHAþBOBCAT 725.61 0.76 0.079 11 703.61
STHAþREDFOX 725.73 0.88 0.075 11 703.73
AGPLþBOBCAT 726.25 1.40 0.058 11 704.25
BOBCAT 726.26 1.41 0.057 10 706.26
FORPL 726.77 1.92 0.044 10 706.77
STHAþDTSTþBOBCAT 726.96 2.11 0.040 12 702.96
AGPL 727.07 2.22 0.038 10 707.07
REDFOX 727.13 2.28 0.037 10 707.13
RDHA 727.14 2.29 0.037 10 707.14
GRPL 727.20 2.35 0.036 10 707.20
STHAþRDHAþBOBCAT 727.41 2.56 0.032 12 703.41
BOBCATþREDFOX 727.47 2.62 0.031 11 705.47
FORPLþGRPL 728.30 3.45 0.021 11 706.30
RDHAþDTRD 729.13 4.28 0.014 11 707.13
RDHAþDTRDþDTMJRD 730.98 6.13 0.005 12 706.98
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Modela AICb DAIC wc Kd Deviancee

Red fox (e)
AGPL 522.65 0.00 0.252 9 504.65
AGPLþGRAYFOX 523.33 0.68 0.180 10 503.33
RDHAþDTRD 523.66 1.01 0.152 10 503.66
AGPLþBOBCAT 524.70 2.05 0.091 10 504.70
FORPLþGRAYFOX 526.26 3.61 0.042 10 506.26
BOBCAT 526.72 4.07 0.033 9 508.72
RDHAþBOBCAT 526.79 4.14 0.032 10 506.79
GRAYFOXþBOBCAT 526.83 4.18 0.031 10 506.83
FORPLþGRPLþGRAYFOX 527.10 4.45 0.027 11 505.10
RDHA 527.43 4.78 0.023 9 509.43
STHAþDTSTþGRAYFOX 527.56 4.91 0.022 11 505.56
(.) 527.64 4.99 0.021 8 511.64
STHAþDTST 528.10 5.45 0.017 10 508.10
GRPLþGRAYFOX 528.50 5.85 0.014 10 508.50
STHA 528.55 5.90 0.013 9 510.55
STHAþBOBCAT 528.64 5.99 0.013 10 508.64
RDHAþGRAYFOX 529.00 6.35 0.011 10 509.00
FORPLþGRPL 529.37 6.72 0.009 10 509.37
GRAYFOX 529.63 6.98 0.008 9 511.63
FORPLþGRPLþBOBCAT 529.85 7.20 0.007 11 507.85
STHAþGRAYFOX 530.40 7.75 0.005 10 510.40
STHAþDTSTþBOBCAT 547.53 24.88 0.000 11 525.53

a DTRD, distance to nearest minor paved road; DTST, distance to nearest human structure; STHA, number of human structures per hectare; RDHA, length of
minor paved road per hectare; DTMJRD, distance to nearest major road; FORPL, percentage camera-cluster buffer comprises forest patches; AGPL, percentage
camera-cluster buffer comprises agriculture patches; GRPL, percentage camera-cluster buffer comprises grassland patches.

b Akaike’s Information Criterion.
c Model probability.
d Number of model parameters.
e Difference in �2Log(Likelihood) of the current model and �2log(Likelihood) of the saturated model as a measure of model fit.
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