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ABSTRACT

THE EFFECTS OF URBANIZATION ON FELID

POPULATIONS, INTERACTIONS, AND PATHOGEN DYNAMICS

Urbanization is one of the most ecologically impactful forms of landscape conversion
with far-reaching effects on landscape pattern and process, particularly related to animal
populations. We evaluated how urbanization affected population density, étiécsp
interactions, and pathogemposuran wild felid populations. Specifically, we studied bobcats
and pumas across wildland, exurban development, and witdidraah interface (WUI) habitat to
test hypotheses evaluating how urbanization impacts elidist Lowdensity residential
developmenappeared to haweegreater impact on felid population density compared to habitat
adjacent to a major urban argajnt estimates gbopulation densityverelower for bobcats and
pumasn exurban development comrued to wildland habitat, whereasgulation densityor
both felidsappearednoresimilar between WUI and wildland habitat. For competitive
interactions, occupancy modeling indicated that bobcats did not avoid pumas across broad spatial
and temporal scas; however, at finer scales bobcats temporally avoided pumas in wildland
areas, but did not appear to avoid pumas in urbanized habitat. Using telemetry data, contact
networks revealed that spagse extent was an important predictor of possible social
interactions, but that felids associated with urbanization did not appear to exhibit increased
potential for interspecific interactions. Lastly, we provided a conceptual framework for
evaluating the effects of multiple ecological mechanisms on patterashafgen exposure in

animal populations; we demonstrated how demographic, social, and environmental



characteristics affected the pathogaposuren bobcat and puma populations across a gradient

of urbanization.
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POPULATION DENSITY AND OCCUPANCY OF WILD FELIDS ACROSS A GRADIENT

OF URBANIZATION *

OVERVIEW

Urbanization is one of the most ecologically impactful forms of landscape conversion
with far-reaching effects on landscape pattern and process, particularly related to the population
characteristics of animals. Urbanization can alter animal movemehgaitdt quality, both of
which can influence population abundance and persistence. We evaluated three important
population characteristics (population density, site occupancy, and species detectability) of
medium and largesized carnivores across a getti of urbanization. Specifically, we studied
bobcat and puma populations across wildland, exurban development, and wiidiand
interface (WUI) habitat to test hypotheses evaluating how urbanization impacts wild felid
populations and their prey. Ledensity residential development had a greater impact on felid
populations compared to habitat adjacent to a major urban area; population density for both
bobcats and pumappeared to blewer in areas of exurban development compared to wildland
areas, whexas populabn density appearegimilar between WUI and wildland habitat.
Occupancy of both felids was similar between wildland areas and habitat influenced by
urbanization, indicating that this population metric was less sensitive than density. Bwolocats
pumas were less likely to be detected in habitat as the amount of human disturbance associated
with residential development increased at a site. At the scale of the sampling grid, detection

probability for bobcats in urbanized habitat was greater eoedpto wildland areas, potentially
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due to restrictive movement corridors and funneling of animal movements in landscapes
influenced by urbanization. Occupancy of important felid prey (cottontail rabbits and mule deer)
was high and generally similar alotige gradient of urbanization, suggesting availability of these
key prey species was similar among sampling areas, although elk occupancy was lower in
urbanized areas. Our study indicates that the conservation of medhdrtargesized

carnivores assodiad with urbanization will likely be most successful if large areas of wildland
habitat are maintained, even in close proximity to urban areas, and wildland habitat is not

converted to lowdensity residential development.

INTRODUCTION

Urbanization, ranging from lovito high density residential development, is a leading
agent of broagcale landscape change that can substantially alter ecological patterns, processes,
and communitie§Chace and Walsh 2008hochat et al. 20081cKinney 2008 and is projected
to be a primary cause of landscape fragmentation and biodiversity loss over the next century
(Sala et al. 200Gseto et al. 2012 By influencing habitat selection, space use, and fitness of
animals, urbanization can impact wildlife populations in asting waygMcKinney 2002
Hansen et al. 200&rooks et al. 201 (Riley et al. 2010 Urbanization can increase population
density by restricting animal movement, increasing available forage, or decreasing competition
by reducing the population size of competit@s.,Crooks and Soulé 199Brange et al. 2003
Riley et al. 2008 In contrast, urbanization can decrease population density by reducing habitat
guality and quantity, increasing human disturbance, or increasing the population density of
competitorge.g.,Bolger et al. 199/Germaine and Wakeling 200Merenlender et al. 2009

Thus, although urbanization homogenizes landscape pétekinney 2006 and results in



population declines and reduced diversity for many native species, the juxtaposition and
integration of human development with natural areas can also increase landscape heterogeneity
and food resourcgdMurcia 1995 Irwin and Bockstael 20Q7&and produce greater biodiversity

and abundance of some spe¢sKinney 200§.

Although all types of urban development can influence animal movement, habitat
suitability, and ultimately populatn characteristics, different forms of urbanization affect these
factors to varying degrees. For example, kdghsity development, characterized by urban (<
0.25 acres per residence) and suburban {01268 acres per residence) ar€Hseobald 2005)
can create relatively impermeable anthropogenic barriers that restrict movement, inflate density,
and alter habitatThe juxtaposition of residential development with wildland habitat (i.e.,
primarily natural habitatvithout humardevelopmentcreates a wildlandrban interface (WUI),
which is often characterized by a linear boundary that can significantly alter ecological processes
(Radeloff et al. 2006 The 0f(Kaebsetal.édoBacdt @i sl anAdlersagdn dr o me ¢
Levins 1992 hypotheses propose that populations that are bounded on all sides spatially (e.g.,
populations in a fenced enclosuon an isolated island, or in an urban habitat fragment) exhibit
higher densities compared to populations not bounded due to restricted dispersal. Further,
populations bounded on only one side of their spatial extent have also been reported to exhibit
ad tered popul ati on edngepiewcpde rh yspdtchse s i sT hper dichioante
anthropogenic barrier can influence space use and emigration patterns of populations leading to
elevated population densitiéRiley et al. 200k Specifically, bobcatd_ynx rufug in a highly
urbanized environment were reported to reach abnormally high population densities adjacent to a

major highway compared to populations away from this baiRiey et al. 2005



Other forms and configurations of residential develeptmight not create impermeable
barriers to animal movement, but can still considerably influence landscape pattern and
heterogeneity and thus habitat characteristics and prey resources. For instance, exurban (1.68
40 acres per residence) and ruraftQ>acres per residence) development is characterized by
relatively low density urbanization that is often immersed within wildland lands¢&pesbald
2004 Brown et al. 200pTheobald 200pband can permeate over much broader spatial extents
compared toihear boundaries created by wildlanan interfaces. Such development often
occurs adjacent to wildland areas and can increase landscape heterogeneity through edge effects
(Murcia1995. Thus, lowdensity urbanization may benefit some species by increasing habitat
diversity and food resources and be permeable to animal movement for travelling and foraging
(Gehrt et al. 2010 Nonetheless, anthropogenic disturbancaiwiéxurban and rural landscapes
can also reduce habitat suitability and quality, animal fithess, and ultimately population density
(Hansen et al. 200%1cKinney 2008.

Carnivores are particularly sensitive to altered landscape configuration and composition
resulting from human activities due to their {Hestory characteristics, including low population
densities, low birth rates, large home ranges, waahging movemes, and social structure
(Noss et al. 1996Gittleman et al. 20QXCardllo et al. 2009. Mammalian carnivores, however,
differ in their vulnerability to urban fragmentati¢@rooks 2002 Large carnivores, such as
pumas (i.e., cougar, mountain lion, panttierma concoloy, are typically most sensitive to
urban fragment&gn and most likely to occur in large patches of habitat that are connected to
other large natural areéSrooks 2002Beier et al. 2010 In comparison, mediwsized
carnivores, such as bobcats, may be less sensitive to fragmentation and exhibit greater tolerance

to urban development given suitable habitat and landscape connd@nabks 2002Riley et



al. 201Q. Although obtaining reliable information about carnivore populations has proven
challerging due to their lifenistory characteristics and secretive nature, recent methodological
developments, such as motiantivated camerg®'Connell et al. 2010 have better enabled
researchers to study their populations.

Our goal was to evaluate how different landscape configurations across a gradient of
urbanization influenced the population characteristics of two carnivores, the bobcat and puma,
with varying sensitivities to human impacts. We evaluated how three kimgeed parameters
T population density, site occupancy, and species detectability (collectively referred to as
population characteristics)differed among landscapes influenced by varying levels of
urbanization, ranging from wildlararban interface toxairban to wildland habitat. Specifically,
we estimated population characteristics for bobcats and pumas to evaluate (1) tharigame
pile-up hypothesis in relation to a wildlanadban interface and (2) how felid populations
responded to low density rdsintial development. In addition to estimating population
characteristics of felids, we also estimated occupancy of key prey species to evaluate potential
differences in available food resources of carnivores along the urban gradient. If residential
devdopment restricts movement and inflates felid density, as predicted by theraongeepile
up hypothesigRiley et al. 200§ or if it enhances landscape heterogeneity and carnivore prey
populations, as might particularly be the caskw-density residential dedopment, we would
expect higher population characteristics of felids associated with these areas. Conversely, if
felids avoid residential development due to human disturbance and reduced habitat suitability,
we would expect lower population charactecsin such areas. By evaluating the impacts of

different forms of urbanization on wild felid populations we provide novel and important



information about wildlife conservation in landscapes influenced by exurban and urban

development.

STUDY AREA

We condicted our research across two study sites in Colorado, USA that exhibited
varying degrees of urbanization and human influence. Within each study area, we evaluated
felid populations that occurred on two grids that were characterized by similar habitat and
landscape characteristics, but differed in the degree of urbanization. Extensive areas of habitat
that supported felid populations surrounded both of our study areas.

In 2009 and 2010, we workexh the Western Slope (WS) Gblorado on theelatively
ruralUncompahgre Plateanear the towns of Montrose and Ridgw&jgure 1). The area was
characterized by mesas, canyons, and ravwmiés elevations ranging from 1800 m to 2600 m
and annual precipitation df3 cm arriving primarily from winter snows drsummer
thunderstorms (NOAA National Climatic Data). Common vegetation inclposen pine
(Pinus eduliy andjuniper (Juniperus osteosperfigonderosa pinePinus ponderosaaspen
(Populus tremuloidgsgambel oakQuercus gambelij and big sagebragArtemesia
tridentatg. The WS exhibited extensive areas of undeveloped wildland habitat managed by the
Bureau of Land Management (BLM), US Forest Service (USFS), and private landowners. Paved
and unimproved roads occurred throughout the WS. The W8 hestory of ranching and some
private ranches were converted into exurban and rural housing developments. We divided the
WS study site into two sampling grid$he southern grid 1 sampled exurban and rural
residential developmemin Log Hill Mesa (poplation = 1,041; US Census Bureau 2010);

residential parcel sizes wedestributed, from most to least numerous, across 5 acre, 2 acre, 1



acre, O 5 a cpropertiesa Within &eadd exartmm development, travel corridors

of natural habitat ahopen space property, often with associated recreation trails, were present.
The northern grid 2 sampled primarily undeveloped, wildland habitat, although some small areas
of low density human residences and hunting camps occurred on or near the grid.

In 2010 to 2012, we worked on the more urbanized Front Range (FR) of Colorado
(Figure 1). The area was characterized by gentle foothills and valleys, ravines and canyons, and
mountainous terrain, with elevations ranging from 1600 m to 2500 m and anecigitation of
53 cm, arriving primarily from winter snow and summer thunderstorms (NOAA National
Climatic Data). Common vegetation included ponderosa pine, Defig(@seudotsuga
menzies), juniper, aspen, and mountain mahogabgr¢ocarpus montanys An extensive
network of open space properties with recreational trails were managed by Boulder City Open
Space and Mountain Parks (OSMP) and Boulder County Parks and Open Space (BCPOS). The
USFS and BLM also managed undeveloped land on the westéionparthe FR study area.

Paved and unimproved roads occurred throughout much of the FR, although several areas were
only accessible by trail. Similar to the WS, we divided the FR study area into two sampling
grids. The southern grid 1 occurred adjaderthe wildlandurban interface associated with the

city of Boulder (population = 97,385, US Census Bureau 2010) and was characterized by OSMP
and BCPOS opespace properties with some human residences on or near the grid. The
northern grid 2 occurred Biss undeveloped BCPOS and USFS properties, although a small
number of human residences occurred on private property inholdings-g&sstprairie,

agricultural fields, and associated riparian corridors occurred to the east of both sampling grids

and surounded the city of Boulder.



METHODS
Sampling Grids and Camera Surveys

Eachstudyarea (WS and FRjontained 40 motioactivated cameras divided between 2
camera grid arrays spaced approximately 6 km apart (Figure 1). Each grid was 80 km
consistingof 20 2 x 2 km grid cells (both grids in each study area sampled a total of $50 km
Our study design was consistent with a retrospective observational¥fulilyms et al. 2002
that contained experimental components wéatment (exurban grid 1 on the WS and wildtand
urban interface grid 1 on the FR) and control (wildland grids 2 on the WS and FR).

Within eachgrid cell, we place®nemotionactivated camera at a site that we believed
maximizedthe opportunity to photgraph bobcats and pumaSameras were placed along game
trails, people trails, anskecondary dirt roads with felgign (primarily scats, scrapes, and
marking sitespr in areas that appeared to bely travel routes.Our sampling was passive in
that we did not use attractants (i.e., sight, sound, scent) to lure anglaéscamerocation
We used Cuddeback (Non Typical, Inc., Green Bay, WI, USA) Capture rreattorated
cameras (with a 30 second delay) with a wHash to obtain color photographluring the day
and at night, except at one site along a hugh human recreation trail on the FR where we
switched to using a Cuddeback Attack IARaed camera to reduce vandalism. Cameras operated
on the WSrom 21 Augustto 13 DecembeR009and on tle FR from 1 October 2010 to 31
December 2010.

We considered photographs of bobcats and pumas taken at a camera site to be
independent if images were obtained >1 hour apart. If 2 adult felids were photogragiad <
apart and could be differentiated based on natural or artificial (i.e., telemetry collars and eartags)

markings, these photographs were also counted as independent animals. Kittens and dependent



offspring (individuals typically of small body sizedoften accompanied by their mother in
photographs) were not considered independent animals and were excluded from analyses.
Animal Capture

Bobcats were captured in black metate cage traps (40 x 55 x 100 cm) with attractants
from mid-June through Ma&h 20091 2011. All cage traps were fit with very high frequency
(VHF) trap transmitters (Telonics Inc., Mesa, AZ, USA) that indicated when trap doors closed.
Captured bobcats were immobilized through hepelction of a combination of Ketamin&Q.0
mg/kg) and Xylazine 1.0mg/km), and YohimbineQ(125mg/km) was used to reverse Xylazine
(Kreeger et al. 2002 We fit GPS collars (210280 g, Telemetry Solutions, Concord, CA,
USA) with timed dropoff mechanisms and degradable cotton spacers along the collar belting on
adut-sized bobcats. GPS collars were programmed to record locations on the WS &very 5
hours and on the FR everyddhours. Bobcats were weighed, sex was recorded, and age was
estimated based on tooth developn{@rbwe 197%, wear, and coloration. Pumas were
captured from 2005 2011 with the use of hounds and baited cage traps, immobilized with
Telazol (5.00 9.0 mg/kg), and fit with GPS collars (Lotek, Newmarket, Ontario, Canada;
Northstar, King George, VA, USA; VectronicseBin, Germany) programmed to record a
location every 57 hours on the WS and8hours on the FR . To increase the duration of time
that location data were acquired for adult male pumas on the WS, some individuals were fit with
VHF collars (Lotek) and a&l positional locations were obtained approximately every 2 weeks.
Pumas were also weighed, fit with eartags, and sex and age were redbsdate weights on
felids were unavailable at the time of capture, body weight was estimated based oniaaimal s

and sex.Body weights generally increased across categories of small females, large females,



small males, and large males. Methods for animal capture were approved by the Colorado State
University Animal Care and Use Committee {2453A).
Estimating Population Size and Density

Using data from marked and unmarked individuals, we conducted population modeling
using a twestep approach: first we estimated the population size and then we used telemetry
information of marked individuals to estimate dens
Individually Marking and Identifying Animals

Each bobcat was assigned a unique color combination between the GPS collar and
eartags t his information along with the animal 0s
of marked individuals in photographs obtained from me#iotivated cameras. During captures,
photographs were taken of t(Heitbrurbeba 2083oa@id inh e ad,
identifying bobcats on motieactivated cameras prior to them being physically captured and
marked. hdividually marked pumas were identified by evaluating unique collar and eartag
characteristics, as well as the proximity of GPS locations to camera sites in relation to photo
times In contrast to bobcats, pumas are typically not individtidiytifiable by pelt patterns,
thus puma photos from motiactivated cameras obtained prior to their physical capture could
not be linked to subsequent photos of individuals after they were marked; we therefore did not
include these individual pumas in the markeagle and counted all their photos as unmarked.
Photographs of animals that were not physically captured were classified as unmarked
individuals.
Mark-ResightPopulation Size Estimation

To estimate population si£8 ) we used markesight techniques aride Poisson log

normal mixed effects motdéPNE; McClintock et al. 2009Alonso 2012 McClintock and White

10



2012 using theR (R Development Core Team 2Qlghckage RMarkLaake and Rexstad 2013
to construct models iRrogam MARK (White and Burnham 1999 Mark-resight models use
encounter data (e.g., photos from motamivated cameras) of marked and unmarked animals to
estimate) (McClintock and White 2012 We used the PNE marksight model because with
motion-activated cameras sampling is with replacement and we individually identified marked
animals. We satisfied the critical assumption ofkyrasight models that the sighting
probability of marked individuals was representative of the entire population by marking
individuals via physical capture and using a different method (i.e., matiivated cameras) to
resight individuals. Three paratees were estimated in mar&sight PNE models: 1j (alpha):
the intercept for mean resighting rate during primary intgtval U i s simi |l ar to ca
probabilities in markecapture estimators; 8)(sigma): individual heterogeneity level of
resightingduring primary intervaj; and 3)U; : number of unmarked individuals in the
population during primary interv@(McClintock and Whie 2013. If the population is not
closed geographically, as was the case in our study, thenresagkt models estimate the super
population siz€( '), or thenumber of individuals that used the sampling grids dutiegeriod
of our camera survey#icClintock and White 2012

We considered 3 covariat es -msighttmbdels.par amet e
Weight(kg) was inclaed in modeling becausee predicted that larger animals would use
broader spatial exten(&ompper and Gittleman 199&rigione et al. 200Dttaviani et al.
2006 and thus be more likely to be photographed because they would be expected to encounter
more cameras on a grid. We considered the covaaathie to potential behavioral differences
between males and females, predicting that males would move mofertaas per day as they

searched for mates and defended territories, while females moved less for security and to

11



provision youngLogan and Sweanor 200Riley et al. 2008 However, the covariatssxand
weightwer e hi ghly correlated (Pearsonds correlat|
than femalesDue to the potentially confounding interpretation of these variables, we removed
sexand retainedveightin our analyses because we believed waaghtbest reflected potential
differences in space use (and thus photographic rates) across adult ingligittialithin gender
categoriesspace use was predicted to increase across small females, large females, small males,
and large malesLastly, time spent on grid for an individual (TSQ&; see below for
calculation) was included because we predictatittie more time an animal spent on the
sampling grid, the more likely it was to be photographathite and Shenk (200hadvised that
telemetry data collected during times that were not concurrent with resighting surveys could be
used to estimate the time spent on the sampling §viden this was not possib{e.g., due to
collar malfunction)we used the mean value of TSRfzacross all animals (TSQgg, see
below for calculation) for an individual without a unique estimate of Tef@&s recommended
by Cooch and White (2012¢e Chapter 11 Individual Covariates
Models were creategiprioriand compared using Akai keds | n-
corrected for small sample sig&IC.; Burnham and Anderson 2002To testfor individual
heterogeneity (i.e., variation in resighting rates among individuals), models with no individual
heterogeneity (i.e(j=0) were compared to models with individual heterogeneity {i.e.,
estimated). We created a candidate modelg#t 20 models per sgthat included all possible
additive combinations ofreight TSOGgiy, Weight+ TSOGnqy, and constant struc
andll , aso cbnsidered models witlx0. We fit this model set to data from each grid, as
well as both grideombined for each study area (Appendices Table$2). When using

covariates in markesight models, model convergence is sensitive to initial values for
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parameters; therefore, we first ran a simple model where all parameters were constant
( U( . ) ¥dnd thed gsed)these parameter estimates as initial starting values in models with
covariategMcClintock 2012. We report modehveraged estimates of the popuatsize (the
derived parametdr), to incorporate model uncertainurnham and Anderson 2002In
addition, we model averaged estimates of covar{aidsacs et al. 2000and calculated variable
importance values for covariates across all mo@aisnham and Anderson 200®nderson
2008.
Estimating Density Using TSQg

We used modehveraged estimates of population sizgffom the markresightmodels
and the proportion of time spent on the grid by the sampled population (hs3@&erred to as
Dby White and Shenk 2001) to estimate population de(sitjmber of individuals per area, i.e.,
100 knf) for our study area@Vhite and Shenk 2001 First, TSOG for each individual
(TSOGniv ; referred to as;fpy White and Shenk 2001) is estimated byding the number of
locations on the grid (gby the total number of locations for the individual during the time
period of interest ((, or formally TSOGqiv = g /G;. Next, the mean of TSQfg, across all
telemetered individuals (TSQgp) and theestimate of are used to estimate density &s: (.
*TSOGyop) / A, where A is the area of the sampling grid. The numerator of this expression
represents the number of individuals that used the grid during the primary period multiplied by
the proportiorof time individuals were on the grid; thus the abundance estimate is adjusted to
the area of the grid. Thariance of§ is estimatechs6 A® . 6 AO3 /DT b
43 /01T A0 N (White and Shenk 2001which was used to estimate standard errors.
Although photos of pumas that were physically captured (and thus marked) partway through the

camera surveys wentassified as unmarked animals for estimatin@s described above, their
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telemetry data were used to estimate T&RGAN addition, if TSOGqy was unavailable for a
felid (e.g., due to collar malfunction) and a mean value of TgQ®as used in mérresight
models, as described above, these values were excluded from estimation gf,feIQi&nsity.
White and Shenk (2001) cautioned that TSOG techniques can lead to estin@athatof
are biased high if animals spending little time on the grideselikely to be captured than
animals that spend most of their time on the grid. In our study, we physically captured animals
across the entirety of the sampling grids, including areas along the edge of the grid and areas
towards the interior of the igi, as well as off of the sampling grids. In addition, due to the
relatively large home ranges of bobcats and pumas, animals captured towards the interior of the
grids often spent considerable time off of the grids as well. Thus, the potential faasheals
minimized. In addition, we accounted for individual variation in the resighting rate that is used
to estimate abundance in masdsight models by including the covaridt8OGgiy.
Occupancy Modeling
Because of the relationship between population density and detectialetemtion data,
occupancy modeling might be appropriate to use as a surrogate for abuMaci€enzie and
Nichols 2004 MacKenzie et al. 20Q@Noon et al. 201 Although more coarse compared to
popul ation density, occupancy ((Qq; the proport
species detection probability (p; the probability of detecting aepgoven that it was present at
a site) are related to the distribution of abundance across the area of (Reyéstind Nichols
2003 Royle et al. 200p Therefore, we predicted that occupancy and detection probability
would follow similar patterns as described for population density in relation to urbanization.
Animals may exhibit high estimates of occupancy across a heterogeneous landscap@adindicat

use of many different sites), but the relative use of sites can vary widely depending upon how
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animals select for habitat characteristitgs argument is the foundation for similar studies of
resource selection where animals may occur across braad gxtents (i.e., occupy most of the
landscape), but select for or against specific landscape characteristics depending on species
habitat relationship&.g., Manly et al. 2002 Although many factors influence detection
probability and it is often considered a nuisance parameter in occupancy (uaefenzie et

al. 2006, detection probability can be evaluated using covariates in occupancy models to
understand the relative use of sites and local population abun@mde and Nichol2003

Royle et al. 200p We evaluated the behavioral response of animals to landscape features by
investigating how detection probability, whiokflected the frequency of uséan area by the
speces, varied in relation to habitat covariates. We assumed that species would exhibit higher
estimates of detection probability at preferred sites (and thus be more likely to use these areas)
and lower estimates of detection probability at less suitalgle, sis explained by habitat
covariates.Inference from motioractivated cameras is in relation to the movement behavior of
animals when traveling past sampling locations.

We used singkspecies singkseason occupancy models to estimate occupancy and
detection probabilityMacKenzie et al. 20Q6or both bobcats and pumas in each study area
across five sampling occasigongth each samplingccasion occurring over 22 days on the WS
and 18 days on the FR. We usedRh@& Development Core Team 2QJgackage RMark
(Laake and Rexstad 20)t® construct occupancy modelsRnogam MARK (White and
Burnham 1999 We used a thregtep approach to construct models in our occupancy analysis.
First, we evaluated whether survey effort influenced detection probability at our two study areas.
Although uncommon, not all cameras wgied for the same number of days due to camera

malfunction, expired batteries, full memory cards, vandalism, or theft of cameras. We thus
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calculated a time varyingfort covariate for each camera location across the five sampling
occasions; this covariate represented the proportion of days the camera was operational during a
given sampling occasiqe.g.,if a camera operated bt of 18 daysluring a sampling
occasiontheneffort equaled 0.83 for this occas)orsing the global model structure on the
occupancy parameter (see next section), we fit a model with constant detection probability (p(.))
and compared it to a model where detection probability variedeffdtt (p(Effort)). If
p(Effort) was more supported than p(.) based on/Alkkdresthen p(Efort) was included in &l
subsequent models.

Second, two covariategr(d andhuman @velopmentwere used to model potential
variation in occupancy and detection paibbity among sites (i.e., camera locations). The
covariategrid compared camera sites between either exurban and wildland areas (on the WS) or
wildland-urban interface and wildland areas (on the FR). The covauatan levelopment
characterized the amot of human influencé_ewis et al. 201)lassociated witlkach camera
location. To determine an appropriate human development value for each camera location, we
created a human development layer where each human occurrence point (HOP; residence or
structure) in the study areas was digitized as a point usingagt®geographic information
system (GIS) software (ESRI, Redlands, CA, USA) from color orthophatssg Arc Toolbox
in ArcMap10, we fit a Gaussian kernel over each HOP, where the density, or influence, was
greatest directly at the point of interest aletreased out to a specified radius of a circle; radi
ranged fronl007 1000 m on the WS and 100L500m on the FR. In GIS, each camera
location was intersected with the cumulative kernel density of human development across each
radius. For occupancyadeling analyses, each human development input variable was

standardized by subtracting the sample mean from the input variable values and dividing by the

16



standard deviatio(Schielzeth 2010 To determine which spatial scale of human development
was appropriate for each species and study area, we compared univariate models where detection
probability was modeled as arfction of the human development covariate across radii, and used
AIC. model ranking to determine the best scale. Based on this approach, we used a radius of
200m for bobcats and pumas on the WS and 1300m for bobcats and 300m feopuima FR.

Finally, we evaluated the influence of our two covariagesl(andhuman @velopment
on both occupancy and detection probability by fitting a candidate model set consisting of all
possible combinations gfid, human @velopmentboth, or neither (constg strictures 16
models) to data for each species and study area (Appendices Tabl&8)13Ne report model
averaged parameter and covariate estimates and calculated variable importance values for each
covariate(Burnham and Anderson 2002ukacs et al. 2010 To obtain estimates of occupancy
and detection probability for each grid, we model averaged results for models thadgdhitia
covariategrid on both pammeters.

Because the availability of prey is a potential mechanism influencing felid déinsggn
and Sweanor 20QFerguson et al. 200®uth and Murphy 201)Gacross sdy areagi.e., the
ideal free distribution; Fretwell 197 2ve estimated the occupancy and detection probabilities
using camera data for the primary prey species of bobcats (cottontail @ydbitlsgus spp.and
pumas(mule deeOdocoileus hemionuand elkCervus elaphygSunquist and Sunquist 2002

for eachgrid, using methods as explained above forfadidsal uat i ng q( Gri d) p(C
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RESULTS
Photos from Motion-Activated Cameras

All motion-activated cameras on the WS and FR obtained at |gdmsit@graph of a felid
during our surveys. On the WS, we obtained 185 photographs of bobcats across 38 sites and 80
photographs of pumas across 23 sites during 113 days (Table 1). On the FR, we obtained 150
photographs of bobcats across 32 sites and 8tbgraphs of pumaacross 36 sites during 92
days (Table 1).
Animal Capture and Telemetry Data

We physically captured and marked 20 bobcats and 9 pumas on the WS and 16 bobcats
and 10 pumas on the FR (Table 1). TS@&anged from 0.08 1.0 for bobcts and 0.08 0.73
for pumas on the WS and 0.06.99 for bobcats and 0.6®.80 for pumas on the FR. TSQf
was similar for felids between grid areas on the FR, and T.§@@s lower for bobcats and
pumas on the exurban grid compared to the wildlaitian the WS (Table 1). Bobcats spent
more time on the WS wildland grid compared to FR wildland grid, which is consistent with
smaller bobcat home ranges on the WS compared to the FR (unpublished data).
Population Density, Occupancy, and Detection

Consigent with prediction®f reduced habitat suitability in lodensity urban
development, on the WS, population densajppeaedto belower for bobcats and pumas
exurban developmegbmpare to wildland habitat, although 95% confidence intervals
overlappé. Occupancy estimates wesenilar between the two grids for each species (Table 1,
Figure 2a). Counter to predictions regarding haoarege pileup, population density and
occupancy were not greater for bobcats and pumas along the wildlzend interfae compared

to wildland habitat on the FR (Table 1, Figure 2b). Detection probability for bobcats tended to
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be greater on grids influenced by urbanization compared to wildland grids (Figure 2). For
pumas, detection probability on the WS was lower oregugban grid compared to wildland
grid and was similabetween grids on the FR (Figu2g
Covariates in Mark-Resight and Occupancy Models
For some markesight model setsarger individualghat spent more time on the
sampling gridexhibitedthe highest resighting rate and were thus photographed more often
(Table 2, Appendices Tableg 112). These relationships were strongest for felids on the WS
when both grid areas were evaluated collectively; both Tg@&ndweightexhibited positive
relationships with the mean resighting rate (
(Table 2, Appendices Tables 112). TSOGq, Wwas generally a more important covariate than
weight (based on variable importance values), although bothiatesahelped explain mean
resighting rates in models (Table 2). Models where the individual heterogeneity level of
resighting (0) was fixed to 0 were id®nerally
In occupancy modelgpvariates were genelaunsupported when estimating
occupancy, but were supported when estimating detection probability (Table 3; Appendices
Tables 13 16). Species occurrence across sites was fairly constant in both study areas, as the
top model never included occupancystures with either of our two covariates (Table 3;
Appendices Tables 1i316). For detection probabilityhé covariateffort was not supported on
the WS (bobcats= 28B0Graed,) @P(GeH dIBQ.(EHF;f opuma sA:l C
p()AICc=227. 90, q( Gr i &)R20R4), Bt was suppprteddoin the FR (Appendices
Tables 15 and 16). On the FR, there was a positive relationship beffeeeand detection
probability for both bobcats and pumas (Table 3, Appendices Tables 15 ance8phkhbility

of detecting felids increased with the number of days that a camera operated during a sampling
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occasion. For both bobcats and pumas on the WS and FR, detection probabiiitynamd
developmentvere negatively related; felids were less hkid be detected as the influence of
human development increased at a site (Table 3, Appendices Tabldé§)Y13Parameter
estimates fohuman @velopmengévaluating detection probability for pumas demonstrated a
stronger relationship in top models on W& ( -06.82=se = 0.45, model weight = 0.24) and
FR (-®34,se =0.21, model weight = 0.20) compared to the model averaged parameter
estimates (Table 3; Appendices Tables 14 and 16). For bobcats on the WS and FR, parameter
estimates in top modelsane generally consistent with model averaged parameter estimates
(Table 3;Appendices Tables 13 and 13)astly, detection probability appeared to vary by grid
for bobcats, but not pumas (Figure 22sbd on the presence and absence of the covgnithia
top models (Appendices Tablesil26).
Occupancy of Prey Species

Occupancy of important prey for bobcats (cottontail rabbits) and pumas (mule deer) was
consistently high across study areas. On the WS, occupancy and detection probability of
cottontail rabbits and mule deer were similar between the exurban and wild@sm@Table 4).
On the FR, occupancy and detection probability of cottontail rabbits was similar between grids
and mule deer occupancy was slightly lower on the wildlaihén interface grid compared to
the wildland grid (Table 4). On both the WS and ER ,exhibited lower occupancy on the
exurban and wildlandirban interface grids, respectively, compared to the wildland grid and

detection probability was similar among all grid areas (Table 4).
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DISCUSSION

Our study indicates that ledensity residerml development influenced wild felid
populations more than habitat adjacent to a major wildiabdn interface Point estimates of
population densityverelower for bobcats and pumasexurban development compared to
wildland habitat, suggesting redackabitat quality, whereas population density for both felids
appeared more similar between wildlamdban interface (WUI) and wildland habitat contrast
to predictions of homeange pileup and density inflation along impermeable bounddRésy
et al. 2008. In addition, the occupancy of important felid prey (cottontail rabbit and mule deer)
was generally high and similar between sampling grids, suggesting that felid population densities
were not substantially altered by availability of these prey withidyssites.

Many mechanisms associated with urbanization can influence population characteristics
of animals(Shochat et al. 20Q6including altered movement patterns. Populations completely
surrounded by movement barriers may reach higher densities compared to unbounded
populationgKrebs et al. 1969Adler and Levins 1994 Further, the homeange pileup
hypothesis predicts that populations where animal movement is only partially eglstvittalso
reach higher densities in habitat adjacent to an anthropogenic lfRigsret al. 2005
Research testing these predictions, especially for wild felids in urban systems, is limited. Home
range pileup was reported for a bobcat population adjateatmajor highway in southern
California(Riley et al. 200§ but other urban bobcat studies have not found evidence consistent
with this hypothesis and report that population densities of bobcats often are not higher in urban
fragments and are lower when congzato more unbounded populations in wildland areas
(Lembeck and Gould 197Ruell et al. 2009Riley et al. 201D Further, although movement

patterns, habitat selection, and mortality factors of pumas have been evaluated in relation to
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urbanizationBeier et al. 2010Burdett et al. 201,0Nilmers et al. 2018 few studies have
estimated the density of pumas across different levels of urbanig@eanr et al. 2010

Although our study did not find support for the heraage pileup hypothesis for either
bobcat or puma populations associated with a major urban barrier, we provide several
considerations when interpreting our results. First, the related-éffaxt hypothesis states that
population density will initially increase due to restricted movemaernttHat density will
eventually decrease due to limited resou(&eebs et al. 1960 The wildlandurban interface of
Boulder, CO has existed for more than a century. It is possible that population density has
already reached an equilibrium resulting from this landscape barrier. Second, the witidamd
interface of Boulder occurs over the lengtiidfkm. Although this barrier is mostly
impermeable to animal movement for its entire stretch, perhaps a longer and more significant
barrier is necessary to impact population characteristics of felids. Third, negative ecological
impacts related to edgefects along the urban interfa@durcia 1999, such as mortality from
people, vehicles, and disease, could suppress population densities. We did not have detailed
information about animal mortality, but other studies have reported greater mortality and reduced
fitness of wild felids from anthropogeerfactors near urban areas and human develop{Berer
et al. 2010Burdett et al. 2010 Fourth, increased densitiegayronly be observed for specific
age and sex classgsg., adult females; Riley et al. 2Q@8 during certairiimes of the year
(e.g., winter). Our approach for estimating felid densities was not able to differentiate among
different age and sex classes in the unmarked population and we thus evaluatedsafiextiult
individuals collectively during a single seasolLastly, populations that are bounded on only one
side of their spatial extent, such as those along an urban interface in our study area, might not

experience elevated population density because dispersing animals have the option to leave the
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population Thus, a single linear barrier might not produce a sufficient barrier to dispersal to
alter population density; abnormally high population densities might only occur in landscapes
that are completely isolated, as predicted by the teffeet or island yndrome hypotheses,
where animal dispersal is impossible or substantially diminigkezbs et al. 196%Adler and
Levins 1993.

Another mechanism that can influence populations of animals is disturbance from human
activities associated with residential development, which can reduce habitat quality. Our study
demonstrated that exurban and rural residential development decreaseadi@opensity of
both bobcats and pumas compared to wildland habitat. Thus, althouglehsity development
may increase landscape heterogeneity and potentially carnivore food along ecotones and edges
(Murcia 1995 Irwin and Bockstael 20Q7anthropogenic disturbance associated with such
development across brogolasial extents appears to degrade habitat suitability and reduce wild
felid density. Both bobcats and pumas spent less time on the exurban sampling grids compared
to wildland areas (based on GPS collar data) and behaviorally both spemdsss likelyo be
observed at sitesith greater influence of residential development compared to undeveloped
sites (based on detection probability in relation to human residences). However, both felids used
natural areas intermixed within exurban development, anéxbrban grid was adjacent to
expansive wildland areas that supported felid populations, both of which likely mitigated the
impacts of exurban development on felid populations in these areas. Consistent with our
findings, pumas in urbanized Californiaedsareas of exurban development less than expected
(Burdett et al. 2020 Further, pumas that use habitat near humans and development have a
higher risk or mortalityBurdett et al. 201,0Nilmers et al. 2018 which could reduce the density

of populations in such areas. Given that exurban residential development is the fastegt growi
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form of urbaniztion (Brown et al. 2005Nelson and Sanchez 200% is important to consider
the ecological impacts associated with this type of anthropogenic disturbance.

Althoughpoint estimates fopopulation densities of felids were lower in exurban
development, estimate$ accupancy for both bobcats and pumas weoeesimilar between
wildland areas and habitat associated with residential development, which was inconsistent with
our predictions. Studies of preserategsenc€Gaston et al. 20Q@nd occupancgMacKenzie
and Nichols 2004MacKenzie et al. 20Q@emple and Gutiérrez 2018f animals have reported
a positive relationship between abundance and occurrence. Although this relationship is
intuitive, it likely is valid only up to a certain thresholddatherefore nottinear (Freckleton et al.
2005 Noon et al. 2012 For example, occupancy estimatel increaseonly if additional sites
are used as population densitiesreases Alternatively, if the population size grows within
sites already occupied, density will increase, but occupancy probabilities will remain unchanged;
in such cases, occupancy probabilities may asymptote at 1.0 at moderatepopliigiion
densities. Wless individuals are territorial or a site can be defined to limit the number of
individuals that are likely to occupy(iMacKenzie and Nicols 2004, the ability of occupancy
to track total abundance within an area is limited. Further, even for large changes in population
size, intensive sampling is necessary to observe changes in occ(ipidisat al. 2013 Thus,
it has been argued that detectimom-detection data can have little power to detect changes in
abundance in many systel{@rayer 1999Pollock 200§. This appeared to be the case in our
study and likely occurred because both species will use habitat components that are less
preferred (ad thus occupy a site), but frequent these areas less than habitat of higher suitability
(see discussion on detection probability below). Species that occur at low densities but have

wide-ranging movement patterns will likely exhibit high estimates otipaacy over longer
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sampling occasions because of t heM&kenzei es o6
and Royle 200p Thus, occupancy appears to be a relatively poor metric to evaluate differences
in populationdensitiesn our system.

Detection probability is another metric used to evaluate the belawvil@nsity of
animals relative to landscape characteristicss dssumed that abundance is related to species
detection probabilityRoyle and Nichols 20QRoyle et al. 200por detection ratéCarbone et
al. 200); species detection probability should correspond to local abundance because more
animals are available to be detected. In addition, animals would be expected to demonstrate
higher deéection probabilities in habitat of higher suitability because they will likely frequent
these areas more often. In our study, detection probability of bobcats and pumas appeared to be
a more sensitive metric than occupancy, but sometimes produced ueexmsalts.For
exampleas predictedacross study areas, both felids were less likely to be detected as the
amount of human influence from residential development increased; thus, although felids would
use these sites, they visited developed areasfiesscompared to undeveloped sites. However
despite thisbobcataunexpectedlexhibited higher overall detection probabilities in both
exurban andavildland-urban interfacgyridscompared to wildlandrids. This likely occurred
becausanimalsin urbanized landscapésd fewer options to travdue to anthropogenic
barriers to movemerfe.g.,human residences, roads, urban barriers) and were thus funneled
along more restrictive movement corridofBur sampling technique of placing motiantivated
cameras within these key movement corridors likely increased our detection of animals. In
wildland habitat, more movement options were likely available to animals throughout the
landscape. In contrast to bobcats, and consistent with predictions,ateprotvability for

pumas was lower in exurban habitat compared to wildland areas (Figure 2). Thus, bobcats and
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pumas might exhibit different movement behaviors when using urbanized landsEapes.
carnivores, it is recommended that sampling occur alagigpgrobability travel routes to obtain
sufficient data of animal@aranth et al. 2010 It is important to considehoweverthat
sampling schengethat aim to increase detection of animals by directed placement of sampling
devices can potentially lead to unexpected results that initially might appear aatuitere and
should be interpreted carefully.

Densities of urbaadapted species often ayeater in urban systems compared to
wildland habitat due to multiple ecological fact¢@&ehrt et al. 2010 For example, increased
forage near and within urban areas can increase population densities for species such as raccoons
(Procyon lote) (Hadidian et al2010 and red fox Yulpes vulpes(Soulsbury et al. 2030 In
our study, however, occupancy of important felid prey (i.e., cottontail rabbits and mule deer) was
high and generally similar among exurban, wildlkambdan interface, and wildland areas,
suggesting avkbility of these prey did not contribute to differing population characteristics of
felids among sampling areas. In contrast, the occupancy of elk was substantially lower in
exurban and wildlandirban interface habitat compared to wildland areas, stiggesduced
availability of elk near residential developments. As demonstrated for felids in our study,
occupancy might not always be a sensitive index for abundance, so occupancy of prey might not
reflect their relative density. In some cases, detegtiobability of prey varied between grids
for a species (e.g., mule deer exhibited greater detection probability in exurban habitat compared
to wildland areas), indicating potential differences in abundance or use. In addition, both
bobcats and pumas ekh a varied die(Sunquist and Sunquist 200&nd it is unclear how
densities across the prey community, which we were not able to measure, were impacted by

urbanization and how this might have affected felid populations. Other factors that could
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influence the population density of felids tha did not evaluate in our study include the effect
of individuals of varying competitive abilitigge., ideal despotic distribution; Fretwell 1972
and body sizéi.e., competitive units; Milinski 1988 Our analyses also did not consider how
urbanization influenced intr@r interspecific competition in felid populations, although
competition can substantially influence population density of animals and community structure
(Crooks and Soulé 1999

Our research evaluating mediuamnd largesized carnivores associated with varying
levels of urbanization provides important information about the conservation of wildlife
populations associated with urban and exurban residential development. Wildlgatl hab
adjacent to urban areas can effectively support bobcat and puma populations and thus
management strategies that conserve habitat associated with urbanized landscapes can potentially
play important roles in the persistence of carnivore populatiBasexample, our estimatof
puma population density in wildlangban interface habitat are consistent with, and indeed on
the higher end of, the range of reported estimates of puma population densities in other systems
(Quigley and Hornocker 20091n addition, our results indicate that the convarsaf wildland
habitat to lowdensity (exurban and rural) residential development will likely reduce population
density for some native species, such as bobcat and puma, even though these forms of
urbanization are permeable to animal movement and supgmutgtions of prey species.
Because animals will use habitat that is associated with human residences, there is greater
potential in these areas for humaiidlife conflict, disease transmission among wildlife,
humans, and domestic animals, and redudedds compared to animals living in wildland
habitat(Hansen et al. 200Bradley and Altizer 200M™McDonald et al. 2008 Thus, our study

indicates that the conservation of mad- and largesized carnivores in landscapes associated
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with urbanization will likely be most successful if large areas of wildland habitat are maintained,
even in close proximity to residential and urban areas, and wildland habitat is not converted to

low-density residential development.
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Table 1. Summary of marked individuals, photos, population size, TSOG (time spent on grid), and density for bobcats amd puma
relation to exurban and wildlargtids on the Western Slope (WS) in 2009 and wildlarizhn interface (WUI) and wildland grids on

the Front Range (FR) in 2010, Colorado.

Study # Marked Animals # Marked # Photos Per Marked Individual # Unmarked Area Density (se
Area Species Grid Areas Detected and Present Photos Mean Median Range Alpha (sef ® Photos N (sef TSOG (se) (km?) (# /100 knf)
WS  Bobcat  Exurban 9/11 42 382 300 0-15 262 (0.57) 56 2555 (3.00) 0.50 (0.12) 80 15.96 (2.01
WS  Bobcat  Widiand 8/10 24 240 150 0-7 2.25(0.56) 49 30.32(5.61) 0.63(0.10) 80 23.99 (2.87
WS Bobcat Both Grids 17/20 66 3.30 2.50 0-15 2.61(0.45) 105 52.62 (6.25) 0.59 (0.08) 160 19.37 (3.33
WS Puma  Exurban 3/4 17 425 500 0-7 4.25(L03) 22 9.06(L63) 0.12(0.02) 80 1.34(0.30
WS Puma  Widiand 6/6 33 550 300 2-19 3.91(L25) 8 7.35(0.77) 0.30(0.13) 80 2.76 (104
WS Puma  Both Grids 8/9 50 556 400 0-26 3.52(0.77) 30 14.37 (162) 0.25(0.09) 160  2.23(0.76
FR  Bobcat WUI 5/8 25 313 250 0-13 1.71(0.99) 56 23.07(8.20) 0.53(0.13) 80 15.26 (3.14
FR  Bobcat Widiand 8/9 20 222 100 0-6 219(051) 49 30.84(5.91) 0.52(0.11) 80 19.84(2.71
FR  Bobcat Both Grids 13/16 45 281 250 0-13 2.05(0.56) 105 55.07 (11.41) 0.56 (0.08) 160 19.23 (4.69
FR  Puma  WUI 414 28 7.00 700 1-13 7.00(1.32) 22 7.07(0.88) 0.33(0.13) 80  2.94 (121
FR  Puma  Widand 5/5 29 580 600 2-10 5.80(L08) 17 7.58(0.76) 0.36 (0.13) 80  3.40(1.26
FR Puma  Both Grids 9/9 57 633 600 1-13 6.24(0.92) 39 14.74 (1.27) 0.34(0.09) 160 3.17 (0.89

#Alpha is the mean resighting rate estimated from mark-resight models (see Methods).
P Model-averaged estimates and unconditional standard errors (se).
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Table 2. Summary of covariate estimates from mmaskght models for bobcats and pumas in relation to exunbanvildland grids

on the Western Slope (WS) in 2009 and wildkamblan interface (WUI) and wildland grids on the Front Range (FR) in 2010,

Colorado.U = al pha (mean resighting rate); G = si gmarindividuali vi dual
animalbased on telemetry locationsfeight = weight (kg) ofanimah = model averaged (based on AIlIC
estimate with associated standard error; VIV = variable importance value based on sum of AICc weights. See tiesit for fur

description of parameters. See Appendices Tabiles2ifor complete set of tables reporting results of individual models and

covariate estimates for marksight models.
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TSOG Weight TSOG Weight

Study Area Species  Grid Areas b ( sv&v) b ( sv&) b ( s\WV) b ( s\WV)

WS Bobcat Exurban 2.45(0.52) 1.00 0.14 (0.07) 0.63 na 0.00 na 0.00
WS Bobcat Wildland 0.32 (0.41) 0.27 0.01(0.07) 0.10 na 0.02 na 0.02
WS Bobcat Both Grids  1.60 (0.48) 0.90 0.10(0.07) 0.54 0.50(1.71) 0.15 0.08(0.34) 0.12
WS Puma Exurban 0.00 (0.00) 0.00 0.00(0.00) 0.00 na 0.00 na 0.00
WS Puma Wildland 0.19 (0.35) 0.07 0.03(0.01) 0.54 0.00(0.00) 0.00 0.00(0.00) 0.00
WS Puma Both Grids  2.07 (0.58) 0.83 0.05(0.01) 0.85 0.05(0.28) 0.02 0.00(0.01) 0.06
FR Bobcat WUl 0.19 (0.47) 0.08 -0.01(0.08) 0.03 0.01(0.13) 0.02 0.00(0.04) 0.02
FR Bobcat Wildland 0.05(0.25) 0.11 0.00(0.04) 0.09 0.00(0.22) 0.00 0.00(0.05) 0.01
FR Bobcat Both Grids  0.24 (0.44) 0.23 0.00(0.05) 0.13 0.00(11.46) 0.13 -0.04 (11.45) 0.21
FR Puma WUl 0.00 (0.00) 0.00 0.00(0.00) 0.00 0.00(0.00) 0.00 0.00(0.00) 0.00
FR Puma Wildland 0.01 (0.10) 0.01 0.00(0.00) 0.01 0.00(0.00) 0.00 0.00(0.00) 0.00
FR Puma Both Grids  0.18 (0.30) 0.21 0.00(0.00) 0.08 -0.11(0.39) 0.03 0.00(0.01) 0.01
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Table 3. Summary of covariate estimates from occupancy modélstioats and pumas on the Western Slope (WS) in 2009 and the

Front Range (FR) in 2010, Colorad@. = occupancy ( pr o psa bytthe species),fp = teteetionl pelablilsy trep e
probability of detecting a species given that it was presensige);Grid = covariate comparing urb&n0) and wildland(=1) grids;

HumDev = kernel defity human development covariateffort =timev ar yi ng sur vey e f faeceraged (basedarr i at e ;
AICc weights) parameter estimate with associated atanelror; VIV = variable importance value based on sum of AICc weights.

See text for further description of parameters. See Appendices Tahld$ I8r complete set of tables reporting results of individual

models and covariate estimates for occupanoglels.

q p

Grid HumDev Effort Grid HumDev
Study Area Species b ( sv&) b ( svw) b ( s\wWV) b ( swWV) b ( s\
WS Bobcat na 0.30 na 0.21 na na -0.75(0.29) 0.90 -0.29 (0.15) 0.79
WS Puma 0.02 (0.35) 0.22 -0.20(0.48) 0.36 na na 0.14 (0.24) 0.32 -0.44(0.38) 0.57
FR Bobcat 0.27 (0.64) 0.27 -0.01(0.24) 0.20 1.81(1.04) 0.97 -0.48(0.30) 0.63 -0.43(0.19) 0.82
FR Puma na 0.36 na 034 170(1.07) 0.92 -0.04(0.14) 0.22 -0.17 (0.15) 0.51
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Table 4. Estimates of occupancy and detection probability for prey species of bobcat (cottontail rabbit) and pumas éndlelklee

on exurban and wildland grids on the Western Slope (WS) in 2009 and wildibad interface (WUI) andildland grids on the

Front Range (FR) in 2010, Colorad@q. = occupancy (proportion of the |l andscape
(the probability of detecting a species given that it was present at.a site)

q p
Study Exurban Wildland Exurban Wildland
Area  Species Estimate (se) 95% Cl Estimate (se) 95% CI Estimate (se) 95% ClI Estimate (se) 95% CI
WS Cottontail Rabbit 1.00 (0.00) 1.00-1.00 0.85(0.08) 0.62-0.95 0.89(0.03) 0.81-0.94 0.85(0.04) 0.75-0.9]
WS Mule Deer 0.95(0.05) 0.70-0.99 0.92(0.07) 0.65-0.99 0.67(0.05) 0.57-0.76 0.54 (0.06) 0.44 - 0.6~
WS Elk 0.39(0.13) 0.19-0.65 0.75(0.14) 0.42-0.92 0.36(0.09) 0.20-0.55 0.33(0.07) 0.21 - 0.4¢
WS Mule Deer and Elkk  0.95 (0.05) 0.71-1.00 0.96 (0.05) 0.69-1.00 0.71(0.05) 0.61-0.80 0.64 (0.05) 0.53-0.7:¢

WuUI Wildland WuUI Wildland

Estimate (se) 95% Cl Estimate (se) 95% CI Estimate (se) 95% Cl Estimate (se) 95% CI
FR Cottontail Rabbit 0.66 (0.11) 0.43-0.83 0.60(0.11) 0.38-0.80 0.58(0.06) 0.45-0.69 0.65 (0.06) 0.52-0.7¢
FR Mule Deer 0.71(0.10) 0.47-0.86 1.00(0.00) 1.00-1.00 0.61(0.06) 0.49-0.72 0.73(0.04) 0.63-0.81
FR Elk 0.28 (0.11) 0.12-0.54 0.61(0.13) 0.35-0.81 0.36(0.11) 0.18-0.59 0.38(0.08) 0.25 - 0.5:
FR Mule Deer and Elk  0.75 (0.10) 0.52-0.89 1.00(0.00) 1.00-1.00 0.66 (0.06) 0.55-0.76 0.78 (0.04) 0.69 - 0.8t
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0 5 10 Kilometers

L1 |

Figure 1. Locations of two study sites in Colorado, USA, which exhibited varying levels of
urbanization, where bobcats and pumas were fit with GPS collars and grids of-autvated
cameras were maintainedhe more rural Western Slope (WS) was characterized by an exurban
development south grid and a wildland north grid during 208Q10. The more urbanized

Front Range (FR) study area was characterized by a wildidoah interface (WUI) south grid

and widland north grid during 20102012.
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Figure 2. Estimates and associated standard errors for population density (# individuals per 100
km?), site occupancy, and species detection probability of bobcats and pumas in relation to
exurban and wildland grids on the Western Slope (WS) in 2009 (a) and wildllaad interface

(WUI) and wildland grids on the Front Range (FR) in 2010 (b).
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Appendices Table 1. Ma#tesight population size models and covariate estimates for bobcats on the Western Slope (WS), CO,

exurban grid 1.

Covariate8
U d
TSOG Weight TSOG Weight
Model # Modef° K AICc @A Ccy Deviance b se b se b se b se
15 U(TSOG + Weight) 4 (56870)0.00 0.60 43.16 256 0.52 0.22 0.09 - - - -
10 U(TSOG) G(= 0) 3 5810 1.23 0.33 49.10 229 0.52 - - - - - -
6 U(TSOG) G(.) 4 6226 539 0.04 4855 226 0.56 - - - - - -
11 U(TSOG + Weight) % (6316 6.29 003 4316 256 0.52 0.22 0.09 - - - -
7 U(TSOG) G(TSOG) 5 67.09 10.22 0.00 47.09 2.06 0.60 - - 206.70 0.00 - -
9 U(TSOG) UG(Weight)5 6790 11.02 0.00 47.90 216 0.60 - - - - 0.38 0.45
1 0(C.) G(.) 3 69.70 12.83 0.00 60.70 - - - - - - - -
2 U(.) G(TSOG) 4 7110 14.22 0.00 57.38 - - - - 6.76  27.82 - -
12 U(TSOG + Weight) @& (7.850E)09 0.00 43.16 256 0.52 0.22 0.09 7.80 3743.43 - -
14 U(TSOG + Weight) @& (7ves 450 )0.00 43.16 256 0.52 0.22 0.09 - - 0.05 505.5C
4 U(.) G(Weight) 4 7295 16.08 0.00 59.24 - - - - - - 0.20 0.17
16 U(Weight) a(.) 4 7436 17.48 0.00 60.64 - - 0.04 0.14 - - - -
8 U(TSOG) G(TSOG + 6Ne7b.8% 11902 0.00 47.09 2.06 0.60 - - 93.71 0.00 93.45 0.00
3 U(.) G(TSOG + Weif5h7.03 19.16 0.00 56.03 - - - - 3.27 3.67 0.28 0.32
5 U(.) a(= 0) 2 7887 2199 0.00 73.53 - - - - - - - -
17 U(Weight) G(TSOG)5 7890 2203 0.00 58.90 - - -0.03 0.11 24.59 0.00 - -
19 U(Weight) G(Weighf)79.22 2235 0.00 59.22 - - 0.03 0.14 - - 0.19 0.16
20 U(Weight) G(= 0) 3 8l46 2459 0.00 72.46 - - 0.08 0.08 - - - -
18 U(Weight) G(TSOG 6 84B7i gm7o ) 0.00 55.77 - - -0.07 0.14 2.64 3.01 0.36 0.37
13 U(TSOG + Weight) 7 (880829 006 i g48.16) 256 0.52 0.22 0.09 25.97 0.00 1.84 0.00
Model Averaged 245 0.52 0.14 0.07 na na na na
Variable Importance Values  1.00 0.63 0.00 0.00
0 = alpha (intercept for mean resighting rate); G = sigma (individual

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
®(.) denotes intercept only model; (= 0) indicates that parameter was fixed
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Appendices Table 2. Ma#tesightpopulation size models and covariate estimates for bobcats on the Western Slope (WS), CO,

wildland grid 2.
Covariate8
U d
TSOG Weight TSOG Weight
Model # Modef° K AICc @A Ccy Deviance b se b se b se b se
5 U(.) a(= 0) 2 5515 0.00 042 49.65 - - - - - - - -
10 U(TSOG) G(= 0) 3 5641 126 0.22  46.98 1.16 0.73 - - - - - -
1 0(C.) G(.) 3 56.72 157 019 47.29 - - - - - - - -
20 U(Weight) G(= 0) 3 5897 38 006 4954 - - 0.07 0.20 - - - -
6 U(TSOG) G(.) 4 6046 531 0.03 4580 112  0.89 - - - - - -
2 U(.) G(TS0G) 4 6124 6.09 0.02 46.58 - - - - 6.45 13.19 - -
4 U(.) G(Weight) 4 6140 624 0.02 46.73 - - - - - - -0.31 0.40
15 U(TSOG + Weight) 4 (62500)6.35 002 46.83 1.18 0.74 0.08 0.20 - - - -
16 U(Weight) a(.) 4 6182 666 001 47.15 - - 0.11 0.30 - - - -
9 U(TSOG) UG(Weight)5 67.04 1189 000 4504 1.19 0.88 - - - - -0.47  0.58
11 U(TSOG + Weight) 5 (67.66 1251 0.00 4566 1.13 0.90 0.10 0.27 - - - -
7 U(TSOG) G(TSOG) 5 67.78 1263 0.00 45.78 121 117 - - -0.31 2.43 - -
3 U(.) G(TSOG + Weiqgherp4 1279 000 4594 - - - - 37.13 30.96 -1.74 154
17 U(Weight) G(TSOG)5 6835 13.20 0.00 46.35 - - 0.12 0.25 724 17.62 - -
19 U(Weight) G(Weighf)6863 13.48 0.00  46.63 - - 0.10 0.30 - - -0.29 0.39
14 U(TSOG + Weight) @ (780 gX86)0.00 4500 1.19 0.89 0.06 0.29 - - -0.43  0.57
12 U(TSOG + Weight) @& (78.6302348 0.00 4563 129 1.26 0.11 0.27 -0.45 2.54 - -
18 U(Weight) G(TSOG & 78@7 g36R)0.00 4577 - - 0.10 0.25 38.29 29.37 -1.76 1.51
8 U(TSOG) G(TSOG + 6Ne78.gsh 2363 0.00 4578 121 117 - - -0.16 1690.68 -0.15 1690.6¢
13 U(TSOG + Weight) 7 (9.30&.18 006 i g46.00) 121  1.07 0.06 0.30 -0.06 1.78 -0.43  0.57
Model Averaged 032 041 0.01 0.07 na na na na
Variable Importance Values  0.27 0.10 0.02 0.02
0 = alpha (intercept for mean resighting rate); G = sigma (individual

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
®(.) denotes intercept only model; (= 0) indicates that parameter was fixed
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Appendices Table 3. Ma#tesight population size models and covariate estimates for bobcats on the Western Slope (WS), CO,

exurban grid 1 and \wdland grid 2 combined.

Covariate8
U d
TSOG Weight TSOG Weight
Model # Modef° K AICc @A Ccy Deviance b se b se b se b se
10 U(TSOG + Weight) 4 (09.65 )0.00 0.37 90.15 201 045 0.21 0.08 - - - -
11 0(TSOG) a(.) 4 102.03 1.38 0.18 91.53 163 055 - - - - - -
6 U(TSOG + Weight) 5 @029 2238 0.12 88.93 185 0.52 0.18 0.10 - - - -
15 U(TSOG) G(= 0) 3 104.03 3.38 0.07 96.62 175 043 - - - - - -
12 U(TSOG) G(TSOG) 5 104.32 3.67 0.06 90.32 1.28 0.59 - - 3.31 4.70 - -
14 U(TSOG) UG(Weight)5 10440 375 0.06 90.40 150 053 - - - - 0.28 0.28
2 U(.) G(TSOG) 4 104.80 4.15 0.05 94.30 - - - - 4.55 4.17 - -
1 0(C.) G(.) 3 106.46 5.81 0.02 99.05 - - - - - - - -
7 U(TSOG + Weight) @& (06.80G)10 0.02 88.75 161 0.65 0.14 0.11 2.33 5.92 - -
9 U(TSOG + Weight) @& (10681 g6n6 )0.02 88.81 1.76 0.58 0.16 0.12 - - 0.14 041
3 U(.) G(TSOG + Weigha7p8 6.63 0.01 93.28 - - - - 3.00 2.42 0.16 0.18
17 U(Weight) G(TSOG)5 10819 7.54 0.01 94.19 - - 0.04 0.10 - - 408 3.36
4 U(.) G(Weight) 4 108.28 7.63 0.01 97.78 - - - - - - 0.17 0.16
13 U(TSOG) G(TSOG + 6@Vv&08.g2ht7)67 0.01 90.32 1.28 0.59 - - 0.21 0.00 3.10 0.00
16 U(Weight) a(.) 4 109.26 8.61 0.00 98.76 - - 0.07 0.12 - - - -
8 U(TSOG + Weight) 7 (11D.800®.79 OWe i g8A.79) 147 058 0.11 0.11 3.23 4.94 0.44 0.72
18 U(Weight) G(TSOG 6 1ME&0 456 ) 0.00 93.20 - - 0.00 0.11 3.40 2.95 0.18 0.20
19 U(Weight) G(Weighf )11.69 11.04 0.00 97.69 - - 0.04 0.14 - - 0.17 0.16
5 U(.) a(= 0) 2 11323 1258 0.00 108.57 - - - - - - - -
20 U(Weight) G(= 0) 3 12062 1997 000 113.21 - - 0.10 0.07 - - - -
Model Averaged 160 0.48 0.10 0.07 0.50 171 0.08 0.34
Variable Importance Values  0.90 0.54 0.15 0.12
0 = alpha (intercept for mean resighting rate); G = sigma (individual

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
®(.) denotes intercept only model; (= 0) indicates that parameter was fixed
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Appendices Table 4. Ma#tesight population size models and covariate estimates for pumas on the Western Slope (WS), CO,

exurban grid 1.

Covariated
V] {
TSOG Weight TSOG Weight
Model# Modef ° K AICc @Al Ccy; Deviance b se b se b se b se
2 U(.) G(= 0) 2 36.29 0.00 1.00 26.29 - - - - - - - -
4 U(Weight) a(= 0) 3 5261 16.33 0.00 22.61 - - 0.04 0.02 - - - -
3 U(TSOG) a(= 0) 3 5539 19.10 0.00 25.39 -8.42  9.03 - - - - - -
1 0U(.) G(.) 3 56.01 19.72 0.00 26.01 - - - - - - - -
Model Averaged 0.00 0.00 0.00 0.00 na na na na
Variable Importance Values  0.00 0.00 0.00 0.00
0 = alpha (intercept for mean resighting rate); G = sigma (individual h

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
ID(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 5. Ma#tesight population size models and covariate estinfiatggimas on the Western Slope (WS), CO,

wildland grid 2.
Covariate8
y G
TSOG Weight TSOG Weight
Model# ModeP ° K AICc @Al Ccy; Deviance b se b se b se b se
15 U(Weight) G(= 0) 3 51.02 0.00 0.47 37.02 - - 0.06 0.02 - - - -
1 0(C.) a¢(.) 3 5112 011 044 37.12 - - - - - - - -
7 U(TSOG + Weight) 04 5482) 381 0.07 26.82 272 0.87 0.06 0.01 - - - -
5 U(.) a(= 0) 2 5992 890 0.01 52.92 - - - - - - - -
4 U(.) G(Weight) 4 6020 9.18 0.00 32.20 - - - - - - 0.06 0.05
11 U(TSOG) ua(= 0) 3 6181 10.79 0.00 47.81 1.56 0.68 - - - - - -
12 U(Weight) G(.) 4 62.00 10.98 0.00 34.00 - - 0.05 0.02 - - - -
2 U(.) G(TSOG) 4 6246 11.44 0.00 34.46 - - - - 4.10 3.57 - -
8 U(TSOG) a(.) 4 63.70 12.68 0.00 35.70 168 1.47 - - - - - -
6 U(TSOG + Weight) 5 .99.82 4581 0.00 26.82 272 0.87 0.06 0.01 - - - -
3 U(.) G8(TSOG + Wei ¢gh10).26 50.25 0.00 31.26 - - - - 2.60 3.72 0.06 0.05
10 U(TSOG) G(Weight) 5 101.27 50.26 0.00 31.27 0.77 1.05 - - - - 0.08 0.07
14 U(Weight) 0G(Weight5 101.80 50.79 0.00 31.80 - - 0.01 0.03 - - 0.07  0.07
13 U(Weight) G(TSOG) 5 103.78 52.76 0.00 33.78 - - 0.04 0.02 1.46 2.56 - -
9 U(TSOG) G(TSOG) 5 104.00 52.98 0.00 34.00 0.71 1.06 - - 4.02 5.90 - -
Model Averaged 0.19 0.35 0.03 0.01 0.00 0.00 0.00 0.00
Variable Importance Values  0.07 0.54 0.00 0.00
0 = alpha (intercept for mean resighting rate); & = sigma (individual h

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
b(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 6. Ma#tesight population size models and covariate estimates for pumas on the Western Slope (WS), CO,

exurban grid 1 and wildland grid 2 combined.

Covariate8
U a
TSOG Weight TSOG Weight
Model# ModeP ° K AICc @Al Ccy; Deviance b se b se b se b se
10 U(TSOG + Weight) 04 %033) 0.00 0.81 44.33 248 0.62 0.06 0.01 - - - -
1 0(C.) G¢(.) 3 65.37 504 0.07 55.37 - - - - - - - -
4 U(.) G(Weight) 4 6576 543 0.05 49.76 - - - - - - 0.06 0.05
16 U(Weight) G(.) 4 67.63 7.29 0.02 51.63 - - 0.05 0.02 - - - -
2 U(.) G(TSo0G) 4 6831 797 0.02 52.31 - - - - 291 1.91 - -
11 U(TSOG) a(.) 4 69.04 871 o0.01 53.04 223 1.08 - - - - - -
6 U(TSOG + Weight) 85 .69.33 900 0.01 44.33 248 0.62 0.06 0.01 - - - -
20 U(Weight) a(= 0) 3 6952 918 0.01 59.52 - - 0.07 0.01 - - - -
3 U(.) G(TSOG + Wei ght7431 13.98 0.00 49.31 - - - - 1.88 2.20 0.04 0.04
14 U(TSOG) dG(Weight) 5 7438 14.04 0.00 49.38 0.94 0.99 - - - - 0.05 0.04
19 U(Weight) G(Weight5 7442 14.09 0.00 49.42 - - 0.02 0.03 - - 0.05 0.06
17 U(Weight) G(TSOG) 5 7539 1506 0.00 50.39 - - 0.04 0.02 1.89 1.55 - -
12 U(TSOG) @(TSOG) 5 76.44 16.11 0.00 51.44 3.07 0.73 - - 267 177 - -
7 U(TSOG + Weight) 06 BB50G3.18 0.00 43,51 253 074 0.06 0.01 -13.58 2552 - -
15 U(TSOG) da(= 0) 3 8378 2345 0.00 73.78 237 052 - - - - - -
9 U(TSOG + Weight) 06 \833g2400 0.00 44.33 248 0.62 0.06 0.01 - - -0.17  0.00
18 U(Weight) G(TSOG + \Wea3g28830 0.00 48.63 - - 0.02 0.02 2.05 2.66 0.04 0.04
13 U(TSOG) G(TSOG + \Be i9pgrt 3154 0.00 51.87 0.45 0.88 - - 6.04 0.00 -1.35  0.00
5 U(.) a(= 0) 2 98.37 38.04 0.00 92.66 - - - - - - - -
8 U(TSOG + Weight) (7( MB8G5247 Wel g h4p.81 271 0.69 0.06 0.01 -15.84 68.05 -0.12  0.26
Model Averaged 207 0.58 0.05 0.01 0.05 0.28 0.00 0.01
Variable Importance Values  0.83 0.85 0.02 0.06
0 = alpha (intercept for mean resighting rate); & = sigma (individual h

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
®(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 7Mark-resight population size models and covariate estimates for bobcats on the Front Range (FR), CO,

wildland-urban interface grid 1.

Covariate3
U d
TSOG Weight TSOG Weight
Model# Modef ° K AlICc @A Ccy; Deviance b se b se b se b se
1 0(C.) a¢(.) 3 5513 0.00 0.84 44.33 - - - - - - - -
6 U(TSOG) G(.) 4 6026 513 0.06 42.26 246 158 - - - - - -
16 U(Weight) G(.) 4 6199 6.86 0.03 43.99 - - -0.30 0.47 - - - -
2 U(.) G(TSo0G) 4 6224 711 0.02 44.24 - - - - 0.26 0.84 - -
4 U(.) G(Weight) 4 6229 7.16 0.02 44.29 - - - - - - 0.05 0.23
10 U(TSOG) a(= 0) 3 6353 840 0.01 52.73 197 0.82 - - - - - -
5 U(.) G(= 0) 2 6490 977 001 58.90 - - - - - - - -
20 U(Weight) G(= 0) 3 6896 1384 0.00 58.16 - - -0.18 0.21 - - - -
15 U(TSOG + Weight) (4 =7084 1521 0.00 52.34 1.89 0.1 014 022 - - - -
9 U(TSOG) UG(Weight) 5 719 16.83 0.00 41.96 254 1.56 - - - - 0.18 0.31
11 U(TSOG + Weight) G .7200 16.88 0.00  42.00 234 157 024  0.44 - - - -
7 U(TSOG) G(TSOG) 5 7225 17.12 0.00 4225 249 1.62 - - 012  1.38 - -
19 U(Weight) G(Weighty 7359 1846 0.00 43.59 - - -0.41 0.47 - - 0.16 0.23
17 U(Weight) G(TSOG) 5 7397 1884 0.00 4397 - - -0.24 051 015 0.91 - -
3 U(.) G(TSOG + WeightMl7 1904 000  44.17 - - - - 0.36  1.09 0.07 0.29
14 U(TSOG + Weight) 0§ Wa5Blgh40.18 0.00 41.31 255 1.62 -0.34 0.43 - - 0.28 0.28
12 U(TSOG + Weight) 0§ T9%.00G)40.87 0.00 42.00 2.38 1.60 -0.22 0.44 -0.10 1.35 - -
8 U(TSOG) G(TSOG + WeigRks )41.12 0.00 42.25 249 1.62 - - 0.94 433.23 -1.06 433.23
18 U(Weight) G(TSOG +6 W&.Bx h4a2.39 0.00 43.52 - - -0.38 0.47 0.29 1.17 0.17 0.28
13 U(TSOG + Weight) O7 &5 112.12We.00g h #41.25 250 1.59 -0.33 0.43 0.30 1.72 0.30 0.40
Model Averaged 0.19 0.47 -0.01 0.08 0.01 0.13 0.00 0.04
Variable Importance Values  0.08 0.03 0.02 0.02
0 = alpha (intercept for mean resighting rate); G = sigma (individual he

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
b(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 8. Ma#tesight population size models and covariate estimates for bobcats on the Front Range (kRyiland

grid 2.
Covariate3
U d
TSOG Weight TSOG Weight
Model# Modef ° K AlICc @A Ccy; Deviance b se b se b se b se
5 U(C.) a(= 0) 2 4618 0.00 0.69  40.47 - - - - - - - -
1 0(.) a(.) 3 50.05 387 010 4005 - - - - - - - -
15 U(TSOG) a(= 0) 3 50.07 389 0.10 40.07 047 0.74 - - - - - -
20 U(Weight) G(= 0) 3 5046 428 0.08 40.46 - - 0.01 0.13 - - - -
4 U(.) G(Weight) 4 5535 917 001  39.35 - - - - - - -0.29 043
11 U(TS0OG) a(.) 4 5573 954 0.01 39.73 048 0.84 - - - - - -
2 U(.) G(TSO0G) 4 56.00 9.82 0.01 40.00 - - - - -0.47 2.40 - -
16 U(Weight) G(.) 4 56.03 9.8 0.01 40.03 - - 0.02 0.15 - - - -
10 U(TSOG + Weight) G4 =5609 9.87 0.00 40.05 0.47 074 0.01 0.13 - - - -
14 U(TSOG) da(Weight) 5 6351 17.33 0.00 38.51 0.77 0.84 - - - - -0.35 0.38
3 U(.) G(TSOG + Weigshtg3.8l 17.63 0.00 38.81 - - - - -4.86  12.73 -1.48  3.95
19 U(Weight) G(Weight5 639 17.71 0.00 38.90 - - 0.12 0.22 - - -0.35 0.36
12 U(TSOG) G(TSOG) 5 6453 1835 0.00 39.53 0.62 0.91 - - -0.94 2.18 - -
6 U(TSOG + Weight) O .64.72 1854 000 39.72 047 084 001 015 - - - -
17 U(Weight) G(TSOG) 5 6494 1876 000 39.94 - - 0.04 017 071 244 - -
18 U(Weight) G(TSOG +6 Wg.B& h3LI8 0.00 37.36 - - 0.22 0.24 -4.76 7.81 -1.50  2.47
9 U(TSOG + Weight) G Weilgh3lp3 0.00 38.11 0.73 0.83 0.13 0.22 - - -0.38 0.31
7 U(TSOG + Weight) (f T®@5G)33.27 0.00 39.45 0.63 0.92 0.04 0.16 -1.10 2.08 - -
13 U(TSOG) G(TSOG + Wei k3 )33.35 0.00 39.53 0.62 0.91 - - -8.89 0.00 7.94 0.00
8 U(TSOG + Weight) G711 NHBAG 66.25We.00y h 136.43 0.96 0.89 0.19 0.24 -2.89 4.87 -0.81  1.33
Model Averaged 0.05 0.25 0.00 0.04 0.00 0.22 0.00 0.05
Variable Importance Values  0.11 0.09 0.01 0.01
0 = alpha (intercept for mean resighting rate); G = sigma (individual he

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
b(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 9. Ma#tesight population size models and covariate estimates for bobcats on the Front Range (FR), CO,

wildland-urban interface grid 1 and wildland grid 2 combined.

Covariate3
U d
TSOG Weight TSOG Weight
Model# Modef ° K AlICc @A Ccy; Deviance b se b se b se b se
1 0¢C.) G¢(.) 3 8483 0.00 043 76.98 - - - - - - - -
11 U(TSOG) a(.) 4 8700 218 0.15 75.67 1.04 0.90 - - - - - -
4 U(.) G(Weight) 4 8716 234 013 7583 - - - - - - -0.18 0.17
16 U(Weight) G(.) 4 8824 341 0.08 76.90 - - -0.04 0.13 - - - -
2 U(.) G(TSO0G) 4 8831 348 0.08 76.98 - - - - 0.07 1.19 - -
14 U(TSOG) 0G(Weight) 5 8966 483 004 74.21 1.06 0.83 - - - - -0.21 0.18
6 U(TSOG + Weight) (Y .9.04 621 0.02 75.59 1.04 0.90 -0.04 0.13 - - - -
12 U(TSOG) (TSOG) 5 9105 6.22 0.02 75.59 112 0.9 - - -0.33 1.18 - -
19 UO(Weight) G(Weighty 9122 639 0.02 75.77 - - 0.04 0.15 - - -0.19 0.18
3 U(.) G(TSOG + Weigsht9l29 646 002 7583 - - - - 001 119 -0.18  0.17
17 U(Weight) G(TSOG) 5 923 752 0.01 76.90 - - -0.04 013 011  1.22 - -
9 U(TSOG + Weight) (0 Waba h©9.y3 0.00 74.16 1.05 0.82 0.03 0.14 - - -0.22 0.18
5 U(.) G(= 0) 2 9498 10.15 0.00 90.12 - - - - - - - -
15 U(TSOG) aG(= 0) 3 9512 1029 0.00  87.27 0.95 0.57 - - - - - -
7 U(TSOG + Weight) 0f T9%.02G)11.09 000 7552 111 0.95 -0.04 013 032 121 - -
13 U(TSOG) G(TSOG + Wei%%lx )11.16 0.00 75.59 112 0.9 - - 2.02 284.44 -2.35 284.44
18 U(Weight) G(TSOG +6 Wil hitl.p4 0.00 7577 - - 0.04 0.15 002 114 019 018
20 U(Weight) G(= 0) 3 9710 1228 0.00 89.26 - - -0.08 0.08 - - - -
10 U(TSOG + Weight) 0G4 =97849 13.01 0.00 86.50 0.94 0.58 -0.07 0.08 - - - -
8 U(TSOG + Weight) G711 I®A@5 15.63We.00g h 74.01 1.14 0.87 0.03 0.14 -0.45 1.07 -0.22  0.17
Model Averaged 024 0.44 0.00 0.05 0.00 11.46 -0.04 11.45
Variable Importance Values  0.23 0.13 0.13 0.21
0 = alpha (intercept for mean resighting rate); G = sigma (individual he

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.

b(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 10. Matlesight populatin size models and covariate estimates for pumas on the Front Range (FR), CO,

wildland-urban interface grid 1.

Covariated
U a
TSOG Weight TSOG Weight
Model # Modef " K AICc A | Ccy Deviance b se b se b se b se
2 U(C.) a(= 0) 2 4115 000 100 3115 - - - - -
4 U(Weight) G(= 0) 3 5571 1455 000 2571 - - 0.16  0.08 - -
1 U(C.) a(¢.) 3 59.35 18.20 0.00 29.35 - - - - -
3 U(TSOG) a(= 0) 3 60.39 19.24 0.00 30.39 080 0.92 - - -
Model Averaged 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Variable Importance Values  0.00 0.00 0.00 0.00
0 = alpha (intercept for mean resighting rate); & = sigma (individual h

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
®(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 11. Madresight population size models and covariate estimates for pumas on the Front Range (FR), CO, wildland

grid 2
Covariated
U d
TSOG Weight TSOG Weight
Model# Modef ° K AICc @A Ccy; Deviance b se b se b se b se
2 U(.) a(= 0) 2 3619 0.00 097 2819 - - - - - - - -
3 U(TSOG) G(= 0) 3 4484 865 0.01 26.84 091 0.80 - - - - - -
4 U(Weight) G(= 0) 3 46.19 10.00 0.01 28.19 - - 0.00 0.01 - - - -
1 0(.) a(.) 3 46.19 10.00 0.01 28.19 - - - - - - - -
Model Averaged 0.01 0.10 0.00 0.00 0.00 0.00 0.00 0.00
Variable Importance Values  0.01 0.01 0.00 0.00
0 = alpha (intercept for mean resighting rate); & = sigma (individual h

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
®(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 12. Matlesight population size models and covariate estimates for pumas on the Front Range (FR), CO,

wildland-urban interface grid 1 and wildland grid 2 combined.

Covariate8
U d
TSOG Weight TSOG Weight
Model# Modef ° K AICc @A Ccyr Deviance b se b se b se b se
5 U(.) a(= 0) 2 6148 0.00 0.53 55.76 - - - - - - - -
15 U(TSOG) G(= 0) 3 6362 215 0.18 53.62 0.86 0.60 - - - - - -
1 0(C.) a¢(.) 3 64.02 254 015 54.02 - - - - - - - -
20 U(Weight) G(= 0) 3 6574 4.26 0.06 55.74 - - 0.00 0.01 - - - -
2 U(.) G8(TS0OQG) 4 67.02 554 0.03 51.02 - - - - -3.10 1.87 - -
11 U(TSOG) a(.) 4 6830 6.83 0.02 52.30 1.03 081 - - - - - -
10 U(TSOG + Weight) (4 =6962 815 0.01 53.62 0.86 0.60 0.00 0.01 - - - -
4 U(.) G(Weight) 4 69.81 833 0.01 53.81 - - - - - - -0.02  0.06
16 U(Weight) G(.) 4 70.00 852 0.01 54.00 - - 0.00 0.02 - - - -
12 U(TSOG) G(TSOG) 5 7561 14.13 0.00 50.61 0.58 0.91 - - -2.72 1.92 - -
3 U(.) G(TSOG + Weight7p.95 14.47 0.00 50.95 - - - - -2.97 1.87 -0.02 011
17 U(Weight) G(TSOG) 5 7601 1454 0.00 51.01 - - 0.00 0.01 -3.11 1.88 - -
14 U(TSOG) G(Weight) 5 7720 1572 0.00 52.20 1.03 0.83 - - - - -0.02  0.05
6 U(TSOG + Weight) (% .7730 1583 0.00 52.30 1.03 0.82 0.00 0.02 - - - -
19 U(Weight) G(Weight3 7878 17.30 0.00 53.78 - - 0.00 0.01 - - -0.02  0.06
7 U(TSOG + Weight) (6 T9.60GP9.13 0.00 50.60 058 0.91 0.00 0.01 -2.73 1.93 - -
13 U(TSOG) G(TSOG + Weigphlt 29.13 0.00 50.61 058 0.91 - - -0.62 0.00 -2.10  0.00
18 U(Weight) G(TSOG +6 W#9.D4g 29.4y 0.00 50.94 - - 0.00 0.01 -2.99 1.88 -0.02 011
9 U(TSOG + Weight) (6 Wiy 3a.72 0.00 52.19 103 084 0.00 0.01 - - -0.02  0.05
8 U(TSOG + Weight) 07 TR.08565%57 We0D g h31.p5 0.29 0.61 0.00 0.01 -3.08 1.07 -0.11  0.00
Model Averaged 0.18 0.30 0.00 0.00 -0.11 0.39 0.00 0.01
Variable Importance Values  0.21 0.08 0.03 0.01
0 = alpha (intercept for mean resighting rate); G = sigma (individual he

TSOG = time spent on grid for individual animal based on telemetry locations. See text for futher description of parameters.
®(.) denotes intercept only model; (= 0) indicates that parameter was fixed to zero
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Appendices Table 130ccupancy models and covariate estimates for bobcats on the Western Slope (WS).

Covariate8
q p
Grid HumDev Grid HumDev
Model # Modef- K AlICc Al Cc ¥ Deviance b se b se b se b se
3d(.) p(Grid + HumbDe@ap3 0.00 041 264.39 - - - - -0.89 030 -0.37 0.17
11q( Grid) p(Grid + Herm@Azv 18 016 263.65 -2290 0.00 - - -0.v8 032 -0.38 0.17
15( HumbDev) p(Grid 5 2#.u5mD262) 0.11 264.39 - - 1.77 933.01 -0.89 030 -0.37 0.17
29(.) p(Grid) 3 27647 294 0.10 65.51 - - - - -0.77 0.29 - -
70(Grid + HumbDev) & @07 d4.54 6l@(AmD26353 -29.21 0.00 3.57 82283 -0.78 032 -0.38 0.17
10q( Grid) p(Grid) 4 278.48 495 0.03 65.04 -18.35 0.00 - - -068 031 - -
4(.) p(HumbDev) 3 27885 531 0.03 27218 - - - - - - -0.31 0.16
14q( HumbDev) p(Grid)4 27895 542 0.03 269.81 - - 236 0.00 -0.77 0.29 - -
12q( Grid) p(HumbDev)4 27910 557 0.03 269.96 -16.76 0.00 - - - - -0.32 0.16
1. ) p(.) 2 280.60 7.07 0.01 39.08 - - - - - - - -
16q( HumbDev) p( HumDe4v p80.77 723 0.01 271.62 - - 95.07 0.00 - - -0.31 0.16
9q( Grid) p(.) 3 28096 7.43 0.01 70.00 -19.62 0.00 - - - - - -
6( Grid + HumDev) 5 (800 dYy.47 001 269.23 -31.16 0.00 3.641473.96 -0.68 0.31 - -
8Q( Grid + HumDev) %5 @@8.64mD80i) 0.01 269.77 -26.00 0.00 3.50 531.82 - - -0.32 0.16
13( HumbDev) p(.) 3 28247 894 0.00 275.81 - - 92.03 0.00 - - - -
5( Grid + HumbDev) 44 @283p7 973 000 27412 -28.72 0.00 3.94 1414.32 - - - -
Model Averaged na na na na -0.75 029 -0.29 0.15
Variable Importance Values 0.30 0.21 0.90 0.79
8 qQ = occupancy (proportion of the landscape occupied by the spec

was present at a site); Effort = time varying survey effort covariate; Grid = covariate comparing urban (=0) and wildland (=1) grids; HumDev = kerne|
human development covariate.

®(.) denotes intercept only model
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Appendices Table 14. Occupancy models and covariate estimates for pumas on the Western Slope (WS).

Covariate8
q p
Grid HumDev Grid HumDev
Model # Modef° K AICc Al Cc ¥ Deviance b se b se b se b se
4q(.) p(HumbDev) 3 21370 0.00 0.24 207.03 - - - - - - -0.82 0.45
13d( HumbDev) p(.) 3 21517 147 012 208.50 - - -0.70  0.53 - - - -
3q(.) p(Grid + Humbey 179 010 206.35 - - - - 0.34 0.42 -0.77 0.44
1q(C.) p(.) 2 21566 1.96 0.09 33.01 - - - - - - - -
12q( Grid) p(HumbDev)4 21614 244 0.07 207.00 0.14 0.74 - - - - -0.82 0.45
16( HumbDev) p( HumbDe4 p16.14 244 0.07 207.00 - - -0.25 112 - - -0.73 0.64
14g( HumbDev) p(Grid)4 21626 256 0.07 207.11 - - -0.69 052 048 041 - -
29(.) p(Grid) 3 21652 282 0.06 45.79 - - - - 0.50 041 - -
5Q( Grid + HumDev) 4 (1794 394 0.03 20850 0.05 073 -0.69 0.53 - - - -
9q( Grid) p(.) 3 21790 4.20 0.03 47.17 0.22 0.69 - - - - - -
15( HumbDev) p(Grid 5 218.04mD434) 0.03 206.28 - - -0.36 102 036 042 -0.61 0.71
11q( Grid) p(Grid + H®eishe v i4l 0.03 206.35 0.02 0.77 - - 0.34 043 -0.77 0.44
8Q( Grid + HumDev) %5 @2IB.udImDBGA) 0.02 206.98 0.11 0.77 -0.20 1.29 - - -0.75 0.67
6( Grid + HumDev) 5 @BB5 dp.14 002 20708 -0.14 078 -0.71 054 050 0.42 - -
10q( Grid) p(Grid) 4 21899 529 0.02 45.79 0.06 0.72 - - 0.49 0.42 - -
7d(Grid + HumbDev) & (22882 d7.%2 6lQlmD2062Y -0.06 0.79 -0.38 102 0.37 044 -0.60 0.72
Model Averaged 0.02 0.35 -0.20 048 0.14 024 -044 0.38
Variable Importance Values 0.22 0.36 0.32 0.57
8 qQ = occupancy (proportion of the landscape occupied by the spec

was present at a site); Effort = time varying survey effort covariate; Grid = covariate comparing urban (=0) and wildland (=1) grids; HumDev = kerne|
human development covariate.

®(.) denotes intercept only model
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Appendices Table 150ccupancy models and covariate estimates for bobcats on the Front Range (FR).

Covariated
aq p
Grid HumDev Effort Grid HumDev
Model # Modef- K AlICc Al Cc ¥ Deviance b se b se b se b se b se
4Q(.) p(Effort + Gr i d5 +257t91 mD.e0v )0.33 246.14 - - - - 197 105 -0.78 0.38 -0.57 0.22
50(.) p(Effort + HumD4e W39.60 169 0.14 25045 - - - - 1.68 1.00 - - -0.40 0.19
12Q( Grid) p(Effort + G6i289.74 HiBOND0Oel® ) 245.16 1.09 1.28 - - 205 106 -0.84 039 -056 0.22
16q( Humbev) p(Effort +6 @60i6d 2.76Hu0Ad e 246.12 - - -0.08 0.53 198 105 -078 038 -0.56 0.23
29(.) p(Effort) 3 261.76 3.85 0.05 255.09 - - - - 1.64 1.00 - - - -
13q( Grid) p(Effort + Hmnblery) 387 0.05 25001 0.65 1.00 - - 1.71 1.00 - - -0.38 0.20
17Q( HumbDev) p(Effort +5 RRe2@De vl 0.04 25045 - - -0.03 0.58 1.68 1.00 - - -0.40 0.21
1q(.) p(.) 2 26241 451 0.03 30.08 - - - - - - - - - -
8Qq( Grid + HumbDev) p( ET f26264 #4.73Gr0i08 24584 mD¥e18) 1.30 0.08 0.58 204 106 -084 039 -056 0.23
3d(.-) p(Effort + Gridjd 26309 518 0.02 253.95 - - - - 1.76 103 -0.36 0.34 - -
10q( Grid) p(Effort) 4 26333 542 0.02 254.19 0.92 1.05 - - 169 1.01 - - - -
14q( Humbev) p(Effort) 4 26386 595 0.02 25472 - - -0.24 0.38 165 1.01 - - - -
11q( Grid) p(Effort + G5 i2434 6.43 0.01 25258 1.28 1.36 - - 187 104 -0.44 0.35 - -
9q( Grid + HumbDev) p( E6 f26458 +6.62H w0r@D e 249.98 0.70 1.05 0.10 0.63 1.71 1.00 - - -0.39 0.21
15q( Humbev) p(Effort +5 @6528) 734 0.01 25348 - - -0.27  0.37 178 1.03 -0.38 0.34 - -
6Q( Grid + HumDev) p(E5S f26%88) 7.97 0.01 25411 0.83 112 011 042 169 1.01 - - - -
7Q( Grid + HumbDev) p( E6 f26704 0.135r0i00 ) 252.49 1.19 1.41 -0.12 041 1.87 1.04 -045 0.35 - -
Model Averaged 0.27 0.64 -0.01 0.24 181 1.04 -0.48 030 -0.43 0.19
Variable Importance Values 0.27 0.20 0.97 0.63 0.82
& qQ = occupancy (proportion of the landscape occupied by the species

Effort = time varying survey effort covariate; Grid = covariate comparing urban (=0) and wildland (=1) grids; HumDev = kernel density human development covariate.

®(.) denotes intercept only model
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Appendices Table 16. Occupancy models and covariate estimates for pumas on the Front Range (FR).

Covariated
aq p
Grid HumDev Effort Grid HumDev
Model # Modef- K AlCc Al Cc ¥ Deviance b se b se b se b se b se
5(.) p(Effort + HumD4e w§3.15 0.00 020 254.00 - - - - 1.89 1.09 - - -0.34 021
2Q(.) p(Effort) 3 26410 095 012 257.43 - - - - 176 1.08 - - - -
6Q( Grid + HumDev) p(E5 f26429) 114 011 25253 -287.75 0.00 -37.17 000 1.82 1.08 - - - -
1q(.) p(.) 2 26499 1.85 0.08 32.66 - - - - - - - - - -
4Q(.) p(Effort + Gri d5 +265H% m264 )0.07 253.42 - - - - 191 110 -0.23 030 -0.36 0.22
9q( Grid + HumbDev) p( E6 f26544 £.2H wW0rd® e 250.89 -457.63 1080.76  -78.27 29.04 1.90 1.08 - - -0.22 0.19
13qQ( Grid) p(Effort + HmunB46) 231 006 25369 -1525 0.00 - - 1.90 1.09 - - -0.33 0.22
17q( HumbDev) p(Effort +5 H65EDe 246 0.06 253.84 - - 154.17  0.00 191 1.09 - - -0.35 0.22
10q( Grid) p(Effort) 4 26594 279 0.05 25680 -1556 0.00 - - 1.78 1.08 - - - -
3d(.) p(Effort + Gridj 26638 323 004 257.24 - - - - 177 108 -0.13 0.30 - -
14q( Humbev) p(Effort) 4 26653 339 004 257.39 - - -0.30 0.98 1.77 1.08 - - - -
79( Grid + HumbDev) p( E6 f2605 8.905r0i08 ) 25250 -240.24 3494.39 -32.73 112.26 1.82 108 -0.05 0.30 - -
16q( HumbDev) p(Effort +6 @67i8d +#.69H WAD e 253.30 - - 151.44  0.00 193 110 -0.23 031 -0.37 0.22
12Q( Grid) p(Effort + G6i267.9% HWT6nDOOR ) 25337 -1522  0.00 - - 192 110 -0.19 034 -0.35 0.22
8q( Grid + HumbDev) p( ET f26&17 +£.02r0i028 #5087 mID£056 2793.06 -55.93 75.08 191 109 -0.15 031 -0.25 0.20
11q( Grid) p(Effort + G5 i285 541 001 25679 -1495 0.00 - - 1.78 109 -0.03 0.33 - -
15( Humbev) p(Effort +5 @69i0d) 585 0.01 257.23 - - -0.28 1.62 177 109 -0.13 0.31 - -
Model Averaged na na na na 1.70 1.07 -0.04 014 -0.17 0.15
Variable Importance Values 0.36 0.34 0.92 0.22 0.51
& qQ = occupancy (proportion of the landscape occupied by the species

Effort = time varying survey effort covariate; Grid = covariate comparing urban (=0) and wildland (=1) grids; HumDev = kernel density human development covariate.
®(.) denotes intercept only model
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INTERSPECIFIC INTERACTIONS BETWEEN WILD FELIDS

ACROSS A GRADIENT OF URBANIZATION

OVERVIEW

In response to current and projected global impacts of urbanization, understanding the
effects of human activities on competitive interactions of animals isadrttue to the far
reaching effects to ecological communities and processes. We evathietspecific
interactionsbetweemmedium and largesized carnivoreacross a gradient of urbanizatiand
multiple scales Specifically, wanvestigated spatiand temporal interactiortd bobcatsand
pumas by evaluating circadian activity patterns, bresdle seasonal interactions, and-&cale
daily interactions in wildlandirban interface (WUI), exurban and rural residential development,
and wildland habits. As predicted, urbanization altered interspecific interactions between wild
felids and appeared to increase the opportunity for carnivores to interact. Bobcats did not avoid
pumas across broad spatial and temporal scales; however, bobcats respoadedallg to the
presence of pumas at finer scales, but patterns varied across levels of urbanization. In wildland
habitat, bobcats avoided using areas for short temporal periods after a puma visited an area. In
contrast, bobcats did not avoid areas ghanas recently visited in landscapes influenced by
urbanization (exurban and WUI habitat). In addition, overlap in circadian activity patterns
between bobcats and pumas increased in exurban habitat compared to wildland habitat. We
explore three hypotlses to explain our results that consider activity patterns, landscape

configuration, and animal scent marking. Ultimately, urbanization can lead to increased

2Jesse S. Lewis, Larissa L. Bailey, Sue VandeWoude, Kevin R. Crooks
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opportunities for interspecific competition with potentiatfeaching impacts to felid

populatons and the ecological community.

INTRODUCTION

Species interactions have long been recognized as a driving factor in shaping ecological
communities and influencing the spatial and temporal distribution of an{ate/in 1859
Schoener1974Car ot her s a)nGhusd @IMdenlonstiate® thavo species with
the samecological requirements, or niches, could not occupy the sam@.argthe
competitive exclusion principle; Hardin 1960However, species with seemingly similar
ecological requirements can-eaist by exploiting different habitat featur@sg.,Gause 1934
MacArthur 1958. In addition, two species witipparentlydifferent niches can haymtentially
strong inteactions thatnfluence thébehavior, demographywnd distribution of the subordinate
speciegPalomares and Caro 1999.andscape change resulting from anthropogenic factors,
such as uranization, can alter species interactions and ecological communities in-human
modified landscapes, which can have rippling effects throughout the ecog@steoks and
Soulé 1999Faeth et al. 2005however, this area of research has been relatively understudied
until recently(Magle et al. 201 Given the expansive current human footprint glob@leu et
al. 2008 Schneider et al. 200%lickerson et al. 20)land projected rates of additional extensive
landscape change resulting from human develop(fiéeiobald 2005Seto et al. 2001
additional research on interspecific competition (i.e., betwpenies) should focus on
understanding how anthropogenic factors (particularly urbanization) influence species
interactions and the resulting ecological implicatifiiagle et al. 2012 Studies comparing

competition across a gradient of urbanization can further our understanding for how
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anthropogenic factors alter species interact{dcsDonnell and Pickett 1990/cDonnell and
Hahs 2008

Urbanization currently covers hurdis of millionsof acres globally{Schneider et al.
2009 Nickerson et al. 20Jland isprojected teexpandoy hundreds of millions of acres within
the next few decad€€ohen 2003Theobald 2005Theobald and Romme 2008eto et al.
2011). Different forms of urban development, however, can result in varyingdapegattern
and impacts on animals. For example, urban (<0.25 acres per residence) and suburban (0.25
1.68 acres per residence) residential developiiér@obald 200bcan create relatively
impermeable barriers to animal moverhthat can potentially increase population densities
through altered movement patte(iSley et al. 200pand increased available fora@eedriani et
al. 2001 Hadidian etal. 201Q or decrease population size for species that are sensitive to urban
impacts(McKinney 200§. The juxtaposition of residential development with wildland habitat
(i.e., primarily naturahabitatwithout human developméentreates a wildlandrban interface
(WUI), which is often characterized by a linear boundary that can significantly alter ecological
processeand populationgRadeloff et al. 2006 Exurban (1.68 40 acres per residence) and
rural (> 40 acres per residence) residentiaktigymentTheobald 2005 which is characterized
by low density urban development often immersed within natural habitat, might not create
barriers and can be permeable to animal movement; human disturbance from these forms of
devebpment can pervade the landscape over much broader spatial extents and alter animal
behavior and population characterisijelmnsen et al. 200%ewis et al. 2014c By influencing
animal behavior and demogtay, all forms of urbanization can potentially alter interactions

between species. However, despite the pervasiveness of urbanization and the associated impacts
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to ecological communities, relatively little is known about how varying levels of urbanization
affect interspecific competition for most animals.

Interspecific competition is broadly categorizsieitheexploitation (resourcejr
interferencgcontest)Birch 1957 Schoener 1983 Exploitationcompetitionoccurswhentwo
speciesndirectly compete bysingthe same resourdge.g., food). Interference competition
involves director the potential for direcipteractions, such as fighting, killing, or maintaining a
territory (Schoener 198 ar ot her s a)nUtimatelykcempétitioh € résult in
spatialandtemporal nichegartitioning between species, whican occur acrodse to broad
scales. For example, sympatric species might segregate spatially across daily or seasonal periods
or completely avoid areas useddpmpetitorgAlbrecht and Gotelli 200Kronfeld-Schor and
Dayan 2003

Competitive interactions can be padiarly strong among sympatric carnivores
(Rosenzweig 1966°alomares and Caro 19%reel et al. 2001Caro and Stoner 20pand
larger species can have substantial cortipeteffects on smaller subordinate species through
asymmetrical competitioSchoener 1983 ersson 1985 Various sized carnivores often
compete when one species steals or scavenges the food of another(spgdikptoparasitism;
Koehler and Hornocker 199Gorman et al. 1998 erkle et al 2009, which, althaigh
potentially rewarding energetically, can be especially risky when subordinate carnivores
scavenge on the prey carcasses of larger species:guiltigpredation (i.e., interspecific killing
of species that are potential competitors) can be a povexuession of interspecific
competition that shapes ecological communities and animal beliRoios et al. 1989

Palomares and Caro 199QUltimately, interspecific competition can lead to subordinate species
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using Acompetition refugeso to avoid domi
spatially and temporallgDurant 1998Berger and Gese 2007

Two wild felids with similar geographic ranges and activity patterns across much of
western North America, the bobcayfx rufug and puma (i.e., mountain lion, cougar, panther;
Puma concoloy, have high potential for spatial and temporal interact{gloghler and
Hornocker 1991Sunquist and Sunquist 2002ass 200R Bobcats will scavenge on the
carcasses giumaprey, thus increasing the opportunity fioterspecificinteractions, angumas
will kill bobcats (Koehler and Hornocker 1991 In addition, the behavior, movement patterns,
and population characteristics of both felids are impacted by human development and
disturbancéGeorge and Crooks 200Riley et al. 2006Beier et al. 2010Riley et al. 2010
Tracey et al. 201,3Vilmers et al. 2018 but to varying degred€rooks 2002, which can
potentially influence interspecific competition. For example, anthropogenic barriers, such as
roadways and urban development, can restrict felid movement pgfesnsy et al. 200)3nd
increase space use over(&ley et al. 200band thus influence corefitive interactions
between these speci@rooks et al. 2000 Urban development can also influence disease
transmission;n California,puma acquired the bobcat strain aflife Immunodeficiency Virus
(FIV), presumably through increasierspecificinteractions and encounter ratetated to
urbanizationFranklin et al. 200/ No studies, however, haeaplicitly evaluated interspecific
interactions between bobcats and pumdsoar varying levels ofirbanization, including urban,
exurban, and rural developméptg., across a gradient of urbanizatibheobald 2004
Theobald andRomme 2007McDonnell and Hahs 2008influence their interactionsSuch

evaluations would provide important information about altered competitive interactions,
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potential for novel modes diisease transmissipand intra-guild killing between animalacross
urbanizing landscapes.

We evaluatedhterspecificinteractiondetween bobcats ampidima across a gradient of
urbanizatiorand multiple scalesSpecifically, wanvestigated spatial and temporal interactions
of bobcatsandpumas by evaluating circadian activity patterns, breséle seasonal interactions
(where fiseasonal 0o refers to the entiscale sampl i
daily interactions in wildland urbamterface (WUI), exurbarrural, and wildland habitat.
Interspecific interactions were evaluated using conditionalsgperiegRichmond et al. 2010
and singleseasor{MacKenzie et al. 20Q&ccupancy modeling. Overall, we predicted high
overlapin circadian activity patterns between bobcats and pumas and greater overlap of activity
patterns in landscapes impacted by urbanization compared to wildland areas. If bobcats use
Acompetition r ef ugespeaed that boscatawoed mbpumat spatiedly, w
and temporallat both fine and broad scales and hypothesized that interactions might increase in
areas associated with urbanizatidturther, if bobcats avoid high use areas of pumas, we
expected a negative relationship between thebeurof puma observations at a site and detection

probability of bobcats.

STUDY AREA

We conducted our research across two study sites in Colorado, USA that exhibited
varying degrees of urbanization and human influence. In 2009, we wankbeé\WesternSlope
(WS) of Colorado on the Uncompahgre Plateau near the towns of Montrose and Ridgway
(Figure 1). Common vegetation includeidyon pine Pinus eduli$ andjuniper(Juniperus

osteospermgaponderosa pinePinus ponderosa aspenopulus tremuloidgsgambel oak
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(Quercus gambelj and big sagebrusitemesia tridentata We divided the WS study site
into two sampling gridsThe southern grid 1 sampled exurban and rural residential development
on Log Hill Mesa (population = 1,041; US Census Bureau 2010); residential parcel sizes were
di stributed, from most to | east numerous, ac
properties. Within areas of exurban development, travel corrdaoratural habitat and open
space property, often with associated recreation trails, were present. The northern grid 2
sampled primarily undeveloped, wildland habitat, although some small areas of low density
human residences and hunting camps occumeat oear the grid.

In 2010, we worked on the more urbanized Front Range (FR) of Colorado (Figure 1).
Common vegetation included ponderosa pine, Dotigl§®seudotsuga menziésijuniper,
aspen, and mountain mahogag@ge(cocarpus montanys A network of open space properties
with recreational trails occurred across the study area. Similar to the WS, we divided the FR
study area into two sampling grids. The southern grid 1 occurred adjacent to the wiidiand
interface associated withe city of Boulder (population = 97,385, US Census Bureau 2010) and
was characterized by opaspace properties with some human residences on or near the grid.
The northern grid 2 occurred across undeveloped public properties, although a small number of
rural human residences occurred on private property inholdingsLe8gg et al. (2014)xcfor an

expanded description of the study area.

METHODS
Sampling Grids and Camera Surveys
Eachstudyarea (WS and FRjontained 40 motioactivated cameras divided between 2

camera grid arrays spaced approximately 6 km apart (Figure 1). Each grid was 80 km

64

r



consisting of 20 4«m? grid cells (both grids in each study assanpled a total of 160 Kn
Within eachgrid cell, we placesbnemotionactivated camera at a site that we believed
maximizedthe opportunity to photograph bobcats and pun@esmneras were placed along game
trails, people trails, anskecondary dirt roadshere felidsign (primarily scats, scrapes, and
marking sitesyvas observed or in areas that appeared tkbby liravel routes. Our sampling
was passive in that we did not use attractants (i.e., sight, sound, scent) to luretartimeals
camerdocation. We used Cuddeback (Non Typical, Inc., Green Bay, WI, USA) Capture
motionactivated cameras (with a 30 second delay) with a vilaish to obtain color
photographs during the day and at night, except at one site alongaskipman recreation
trail on the FR where we switched to using a Cuddeback AttackRddacamera to reduce
vandalism. Cameras operat@dthe WSrom 21 Augustto 13 Decembe2009and on the FR
from 1 October 2010 to 31 December 2010.

We considered photographs of bobcats andgsut@ken at a camera site to be
independent if images were obtained >1 hour apart. If 2 adult felids were photographed <1 hour
apart and could be differentiated based on natural or artifi@altelemetry collars and eartags;
for details see Lewis et al. 20)4unarkings, these photographs were &sonted as independent
animals. Kittens and dependent offspring (individuals typically of small body size and often
accompanied by their mother in photographs) were not considered independent animals and were
excluded from analysednference from motin-activated cameras is in relation to the movement
behavior of animals when traveling past sampling locations.

Circadian Activity Patterns
We compared overlap in activity patterns between bobcats and pumas across sampling

grids. To estimate activity pattes of felids using circular kernel density statistics, we used the
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R (R Development Core Team 20QJgackage OverlafMeredith and Ridout 20)%&nd followed
their recommendations for bandwidth selection, estimators for quantifying overlap, and 10,000
bootstrap simulations to estimate 95% confidence inte(Rautand Linkie 2009Meredith
and Ridout 2018 Activity throughout the day was defined as crepuscular (morning and
evening), diurnal (day), and nocturnal (night).
Occupancy Modeling

We used occupey modelingMacKenzie et al. 20060 evaluate interactions between
bobcats and pumas across broad (seasonal) and fine (daily) scaleseddsgiow. Occupancy
probability (Qq) estimates the proportion of t
probability (p) estimates the probability of detecting a species given that it used a site, which can
evaluate the behavioral response iatien to landscape characteristics. A site refers to a
camera location. All occupancy analyses were conducted in program Prigsieesc2008.
Broad Scale: Seasonal

To evaluate species interactions on the seasonal scale (5 saneghisgons that were
each22 daydong on the WS and 18 days long the FR), we used conditionadpgeaes
occupancy model@Richmond et al. 20)@vhere pumas were the dominant species (species A)
and bobcats were the subordinate species (species B). These models consider eight parameters
related taoccupancy and detectigmobabilities; we focused on five of these parameters to
evaluate the model comparisons preserRispmond et al. (2090ncludingq®* (probability of
occupancy for bobcat s?(prgbability of ocoupaney sf babcats, pr e s e n
given pumas are absent, (probability of detection for bobcats, given pumas are dpséh
(probability of detection for bobcats, given both species are present and pumas are detected

during the same sampling occasion), &fidprobability of detection for bobcats, given both
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species are present and pumas are not detected during #heasapling occasion). Tevaluate

if the occupancy of the subordinate species depends on the presence of the dominant species, we
compared the relative performance of models where: (1) the probability of bobcat use is different
onsitesthatareusedan used g n pPledianatdd Geparately) or (2) the

probability of bobcat usef a site is independent of puma ¢s€f* = & (Richmond et al.

2010. To evaluate if bobcat detection probability was influenced by puma use, we compared

the relative performance of models where detection was independent of puma use (uncbnditiona
model where p=r®* = 1*2 j.e., pumas did not alter bobcat detection probability) and models

where bobcat detection was different at sites used by pufhasdgtimated separately froff,r
wherer®= (r®* = *¥: i.e., pumas altetebobcat detectioprobability).

Previous research indicated that landscape covariates did not sufficiently explain
occupancy of bobcats and pumas in our study, likely due to relatively high estimates of
occupancy for felids and little variation in estimated use; howevesctiten probabilities of each
species were influenced by two covariates, one that measured human edlaéeach camera
site (termechuman @velopmentand another that applied to eaxflthe sampling grids (termed
grid) (Lewis et al. 2014 The covariatbuman developmenteasured the amount of human
influence(Lewis et al. 201)lassociated with each camera location and was created by digitizing
each human occurrence point (HOP; residence or structure) in the study aredsaMaqufl0
geographic information system (GIS) software (ESRI, Redlands, CA, USA) from color
orthophotos. Using Arc Toolbox in ArcMap10, we fit a Gaussian kernel over each HOP, where
the density, or influence, was greatest directly at the point of intardsiecreased out to a
specified radius of a circlsee Lewis et al. 201%c In GIS, each camera location was

intersected with the cumulative kernel density of human development across each radius. The
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covariategrid designated camera sites located in either exurban and wildland grids (on the WS)
or wildland-urban interfacendwildland grids (on the FR). We considered these two covariates
when evaluating detection probability parameters in the conditionagpecies interaction
models. In additionL.ewis et al. (2014cconcluded that sampling effort (a time varying
covariate accounting for the number of days that a camera operated for each sampling occasion)
influenced detection probability on the FR, but net ¥S; therefore hie covariateffort was
included for all detection parameters on the FR in bezade occupancy analyses. For each
broadscale model set, we compared 20 models that evaluated how pumas afféced b
occupancy and how pumdsimandevelopmentandgrid affected bobcat detection probability.
Fine Scale: Daily

To evaluate species interactions on a daily scale, we used-speglies occupancy
models(MacKenzie et al. 20Q2MacKenzie et al. 20060 estimate detection probability
(behavoral response) of bobcats in relation to covariates. Forsttaée models, each day
represented a sampling occasion (t = 113 on the WS and t = 92 on the FR) and a species was
recorded as detected if at least one photograph was documented betweenel 2n0@14) of
consecutive days; this definition of a day was used because of the crepuscular and nocturnal
activity patterns of bobcats and pumda evaluate whether pumas influenced bobcat detection
on a fine scale, we created multiple covariatesdhatacterized puma detection at each site for
each day (i.e, if a puma was detected (1) or not (0)). First, we created sspewfic covariate
(P1) that recorded whether a puma was detected at a site within the 24 hour periptb(igtet
j =1). We then created three additional covaria P3, P4) which represented lag effects of
1 to 3 days. For examplE3represents a covariate that would evaluate whether detection

probability of bobcats was different (lower) for 3 dayarting with the day pumawas detected
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plus the next 2 days.e., P3 covariate would bg = 1, t.1 = 1, t+2 = 1, when a puma was

detected on daiyat a sit¢. Because pumas scent mark through scats, urinations, and scent

glands along trails and atarking sitefLogan and Swanor 200}, it was hypothesized that

bobcats could detect the presence of pumas for up to three additional days once a puma traveled
through an area; this number of days was based on the experience of researchers who use trained
dogs to track pumas ug the scent of animals (K. Logan personal communication). Because we
predicted that competitive interactions between bobcats and pumas would be influenced by
urbanizatia, we included interactiortsetween the covariatgsid andP1, P2, P3, andP4.

Based on the positive relationship between local abundance and photograpliCadiese et

al. 2001 Rovero and Marshia2009) or detection probabilityRoyle and Nichols 20Q3we

expected a negative relationship between bobcat detection probability and the number of puma
photographs recorded as#e during the study becauge frequency of bobcat use may decline

at sites that are often visited by pumé¥e therefore included a site covariate summarizing the

total number of puma photograpls £ach camera location (i.eyma oun)). Similarto the

broadscale occupancy modeling, we also evaluated the influence bfithen developmeand

grid covariates on daily bobcat detection probab({litgwis et al. 2014c Similar for broae

scale analyses, as explained above, we did no
found novariation inbobcat occupancy &stimates of occupancy werearl (Lewis et al.

20149. For each finescale model set, we compared 21 models that evaluatetidroan
developmengrid, puma punt puma lag effectsH11 P4), and the interactions betwegid

and pma lag effects influenced bobakgtection probability.
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RESULTS

We documented a photographeofelid at each of our camera sites across both study
areas and both species were well represented across sampling grids (Table 1).
Circadian Activity Patterns

As expected, both species wenestly active during crepuscular and nocturnal time
periods, with bobcats active more during diurnal time periods than pumas, particularly on the FR
(Figure 2). Puma activity peaked during the evening crepuscular and nocturnal periods,
particularly on thaVS wildland and both FR grids, while bobcat activity tended to be peak
during the morning crepuscular and nocturnal periods (Figure 2). Overlap of activity patterns
between bobcats and pumas was greater on the exurban grid compared to the wildland grid o
the WS (Table 2; Figure 2a) and similar between WUI and wildland grids on the FR (Table 2;
Figure 2b).
Occupancy
Broad Scale: Seasonal

At the seasonal scale, pumas did not appear to exclude bobcats from sites or impact their
detection. For both the/S and FR, models that indicated there was no difference in occupancy
or detection probability for bobcats in relation to puma presence were dleigsupported
than models where bobcat occupancy and/or detection varied based on puma presence at a site
(Tables 3 and 4). Consistent witbwis et al. (2014; human developmenandgrid covariates
improved model performance in both study areas (Tables 3)and 4
Fine Scale: Daily

At the daily scale, puma detection explained temporal and spatial variation in bobcat

detection probability in all study areas. Tmwmally, pumas appeared to affect the detection
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probability of bobcats for relatively short periods of time (i.e., up to a few days); however,
results varied across landscapes experiencing different levels of urbanization. On the WS and
FR, all the top mdels contained bobcat detection probability structures that included an
interaction between the detection of punf&i( P4 covariate) and sampling grids (Grid

covariate) (Tabl® and 6). The best model fibre WS data suggested an interaction between

grid andthe lag effect of pumas on bobcat detection, which lagtetd 3 days (Table 5). On the
wildland grid, daily detection probability of bobcats remained at zero for three days after puma
detection, and then increased towards levels observed whes perenot detected at a site
(Figure 3a). Thus, WS bobcats were less likely to be detected on a short temporal scale after
pumas visited a site on the wildland gitdwever this pattern was not observed on the exurban
grid (Figure 4a), indicatinthat lobcats did not avoid pumas on short temporal scales in this type
of urbanized habitat. On the FR, the most supported model indicated that bobcat detection
probability was lower on the wildland grid when pumas were detected, but only up to 2 days
after a mma visited a site (Table 6). Bobcat detection probability remained at O for two days,
then increased at 3 and 4 days after a puma visit to a site (Figure 3b). However, detection
probability of bobcats was similar on the FR wildlammthan interface grid taen pumas were
present and absent (Figure 4b), again suggesting that bobcats did not avoid pumas on fine scales
in landscapes influenced by urbanization.

Spatially, pumas also influenced bobcat detection probability. Based on the top models,
puma ountdemonstrated a negative relationship with bobcat detectomp@m b i | i t y on t he
=10. 08; se = 0i.00% 3e=0a.0pdher&fdrRe, gs the rumber of puma photos at a
site increased the probability of detecting bobcats decreased (Figureeshumber of puma

photos recordedt a siteranged from G 8 on the WS and 06 on the FR. Consistent with
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Lewis et al. (2014 on both the WS and FR, the covariatenan developmeimhproved model
performance and demonstrated a negative relationship with bobcat detection probability (see

Lewis et al. (2014xfor a summary of results for tieiman developmenbvariate).

DISCUSSION

Consistent with our predictions, urbanization altered interspecific interactions between
wild felids and appeared to increase the opportunity for camesvto interact. Our results
demonstrate that large carnivores do not exclude subordinate carnivores across broad spatial and
temporal scales; however, subordinate carnivores respond behaviorally to the presence of
dominant animals at finer scales. Asggticted, such avoidance patterns varied across levels of
urbanization. Assuming that a lack of detection is due to avoidance of areas, in wildland habitat,
bobcats avoided using areas for short temporal periods (i.8.,days) once a puma visited an
area, but then used these sites with similar probability after approximately 4 days compared to
sites where pumasere not recently detectedBobcats likely detected the presence of pumas
through markings and scent along trails and responded by altezingéhavior to avoid direct
interactions with a superior competitor. In contrast to wildland habitat, in landscapes influenced
by urbanization (exurban and WUI habitat) bobcats did not avoid areas that pumas recently
visited. In addition, in habitat checterized by lowdensity residential development, overlap in
circadian activity patterns between bobcats and pumas increased compared to wildland habitat.
Thus, urbanization can potentially lead to increased opportunities for interspecific competition
with potential faireaching impacts to felid populations and the ecological community.

Population densities of animals might increase in urbanized habitat due to greater

landscape heterogeneity and fq@hace and Walsh 20Q)Gestricted dispersal due to
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anthropogenic barrie(Riley et al. 2008 or ecological release from competit¢@ooks and

Soulé 1999 which can increase opportunities for interspecific interac{iénsoks et al. 2010

Our results indicated that the opportunity for interactions betwadigls increased in habitat

influenced by urban development. This pattern, however, did not appear to be related to
increased population densities of felids. In our study areas, population densities for both bobcats
and pumas in exurban habitat were los@mpared to wildland habitat and densities were

similar between WUI and wildland habitgtewis et al. 2014c We thus consider three

additional hypotheses for hawterspecific interactions could increase in areas influenced by
urbanization.

First, animals may shape their circadian activity patterns in response to interspecific
competition and are thus able to reduce the opportunity of interference competition with
competitors by being active during different times of the(@g r ot her s and Jaksi |
However, if human disturbance alters wildlife activity patterns then animals might exhibit
greater overlap in circadian activity and thus increase the potential for direct interactions
(Hypothesis 1: increased overlap in activity patterns). For example, if animals avoid human
disturbance during the day and find temporal refuge from humairitiastiat nighte.g., George
and Crooks 2006 then animals might be active during restricted temporal periods and
experience greater overlap in activity patterns, which can potentially lead to intensified
interactions.On the WS, anthropogenic disturbance likelyraltiecircadian activity patterns of
felids in exurban habitat, where animals were more active at night to avoid human disturbance
during the day, leading to greater temporal overlap. On the FR, although we did not observe
greater overlap in activity pattes between felids on WUI and wildland grids, it is possible that

human disturbance emanating from urban areas could alter activity patterns of animals in other
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systems, such as in smaller patches of habitat surrounded by an urban matrix, or at fiher spatia
scales along the wildlangrban interface. Further, human recreation, which can alter activity
patterns in animal@George and Crooks 2006ewis and Crooks 20}4occurred acrasthe FR

and might have influenced activity of felids similarly between grids.

Second, by altering landscape pattern or increasing landscape fragmentation, human
activities can potentially funnel animal movements into more restrictive areas of nahitat, ha
thus decreasing movement options across the landscape (Hypothesis 2: funneling animal
movements). With fewer options for movement, animals are thus more likely to use similar
areas and increase the opportunity for interactions. In addition, cggsigften use human
recreation trails and dirt roads as travel routes, which can influence animal movement behavior
(Karanth et al. 2010 If animds are more likely to use wetlefined trails created by humans as
travel routes, as is often the case with wild felids, animal movements, and thus potential
interactions, might be more concentrated in these areas as well. @Sthed FR, animals
were [kely funneled into using more restrictive areas of natural habitat because they avoided
using areas of human development and disturbdmeeis et al. 2014c On the WS, mimals
used natural habitat that was intermixed with-density residential development and on the FR,
a relatively impermeable urban matrix and the availability of-defined recreation trails
possibly funneled animal movement and increased the paltéartinteractions.

Third, human activities can potentially affect the scent marking of anirSaksnt
marking through scats, urinations, and scent glands is an important and widespread form of
communication among animgRalls 1971 Wyatt 2014, especially within carnivore
communitie§Gorman and Trowbridge 198Bogan and Sweanor 200%unquist and Sunquist

2002. In our study, results of fingcale interactions in wildland habitat indicate that subordinate
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carnivores detect and avoid dominant carnivoresegmt. Scent marking often occurs in
prominent locations along trails to advertise the presence of animals, which can either be
territorial (e.g., warning other animals of a
providing information abouhe mating status of animal&)yatt 2014. Human activities,
however, can destroy or mask such scent marking signals and thus disrupt communication
among animals or lead animals to increase scent marking activities (Hypothesis 3: scent marking
disturbance). For example, alomgils used by humans, this can occur through recreationists
trampling and destroying animal scent marks or domestic dogs ingesting carnivore scats
(coprophagySoave and Brand 199&oze 201 or urinating or defecating at marking sites
(Bekoff 200). The introduction of avel scents and markings from domestic dogs can also
increase the use of trails by some wildlife to investigate and refresh marking@.siés et al.
2008. Thus, due to scent marking disturbance,
presence or more active on human trails, leading to increased interspecific interactions. On the
FR, high levels of human recreation on trails associated with thie(Viaske et al. 2009might
have disturbed carnivore markings and scent and disrupted the ability of animals to detect
conspecifics through scent communication or altered marking behavior.

Additional facbrs could influence interspecific interactions that either we did not
evaluate or could be more pronounced in other ecological systems. For example, urbanization
can influence the population densities of a variety of competitors, which can alter edologica
communities and competitive interactiqi@ooks and Soulé 199Baeth et al. 20Q%Crooks et
al. 201Q. Estimates of population density were not available for other potential competitors in
our study, such as red foX(flpes vulpes gray fox (Urocyon cinereargenteu} coyotes Canis

latrans), and black beardJfsus americanys however, population densities for these species
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can increase in urbeaassociated aregBeckmann and Berger 2003ehrt et al. 2020 which
could possibly influence spatise patterns and interactions among felids. Prey populations,
such as small mammals and ungulates, also can potentially be influenced by urbaiidoégem
et al. 1997Polfus and Krausman 201Riem et al. 201R although it is unknown to what degree
prey influenced interspecific interactions in our system. In addition, seasonal and annual
variation in landscape pattern and populations of competitors and praiterae strength of
competitive interactions through tinfé@/iens 1977 Schoener 1982

In addition, in our study, as the number of puma visits increased at a site, the probability
of detecting bobcats decreased, suggesting that bobcats less frequently used areas with high
visitation rates by pumadf the number of puma visits to a site was exceptionally high
(indicating a strong prefence for an area), then bobcat detection probability could approach O
In our study, puma visits to a site were relatively low; but in other systems, it woulddeted
that areas with high puma useuld excludéobcats. For example, other research indicates that
highruse areas by dominant carnivores can influence the frequency of use by subordinate
competitors, potentially leading to exclusion of the subordispecies from such arg@sg.,
Durant 198, Creel et al. 20011

Our study provides insight into how urbanization influences interspecific interactions,
with implications for the conservation and management of animal populations in developed
landscapes. Our results suggest that the conversion of wildland habitat to urbanization will
likely alter interactions among species and potentially affect animal populations and community
structure. For example, we observed greater opportunities fourtecs between bobcats and
pumas in urbanized environments, which could lead to higher rates of interspecific contact and

intraguild predation events and subsequently increased transmission rates of pathogens in urban
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areaqFranklin et al. 200y, Further, by potentially funnelingnimal movements into more

restrictive travel corridors, there could be increased opportunities for incidences with people and
domestic animals in such areddltimately, multiple mechanismsasproposed above, can alter
competition in urbanized habitat and such mechanisms might vary depending upon the form and
intensity of urbanization. Such considerations can be incorporated intagarmlanning to

minimize impacts to wildlife communitieendreduce potential interactions with peapl@ur

findings suggest that by managing for wildland habitat and reducing human disturbance in such
areas, animals will likely be better able to maintain spatial and temporal separation to reduce the

potential ofcompetitive interactions.
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Table 1. Summary of photographs for felids in exurban and wildland habitat on the Western
Slope (WS) and in wildlardrban interface (WUI) and wildland habitat on the Front Range (FR)

of Colorado, 2009 2010.

Study Ared  Species Grid Area  # Site§  # Photos

WS Bobcat Exurban 20 112
WS Bobcat Wildland 18 73
WS Bobcat Total 38 185
WS Puma Exurban 11 39
WS Puma Wildland 12 41
WS Puma Total 23 80
FR Bobcat WUI 15 81
FR Bobcat Wildland 17 69
FR Bobcat Total 32 150
FR Puma WUI 19 50
FR Puma Wildland 17 46
FR Puma Total 36 96

! Sampling occurred for 113 days on the WS and 92 days on tl

2The number of camera locations (sites) where the species w
detected at least once. There were 20 sites on each individt
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Table 2. Estimated overlap of activity patterns (and associated 95% confidence intervals)
between bobcats and pumas in exurban and wildland habitia¢ Western Slope (WSndin

wildland-urban interface (WUI) and wildland habitat on #rent Range (FR) of Colado, 2009

T 2010.

Western Slope Front Range
Exurban Wildland WUI Wildland

0.93 (0.86 - 0.97) 0.77 (0.62 - 0.89) 0.87 (0.77 - 0.94) 0.86 (0.76 - 0.94
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Table 3. Modekelection results forrbadscale2-species occupancy models evaluating seasonal
interactions between bobcats and pumas on the Western Slope, Colorad® &@08eters

i ncl Udpeobabildy ofoccp ancy f o r** (gababilitsof gccuf@ncy for bobcats,

given pumas arp r e s e“h(probabilitglof occupancy of bobcats, given pumas are absént), p
(probability of detection for pumas, givenbcats are absent}, fprobability of detection for

pumas, given both species are presefitjppbability of detection fobobcats, given pumas are
absent), ¥ (probability of detection for bobcats, given both species are present and pumas are
detected), ancP? (probability of detection for bobcats, given both species are present and pumas
are not detected)Covariates included: G (sampling grid area) and HD (influence of human

development at a kernel density radius of 200m).

Model*

K AIC. Al Cc ¥ loglL)
a®, °t &gt P =" =" (G + HD)) 7 480.67 0.00 0.45 466.67
a®, g Pt A, (0° =P = PG + HD)) 8 48166 099 0.27 465.66
at, Bt &Gt =" =2 (0) 6 48437 3.70 0.07 472.37
a®, |t &B™at A =7~ = HD) 6 48449 3.82 007 472.49
a®, g Pt A, (0P =P = PP (HD)) 7 48477 410 0.06 470.77
a* Pa P A P == () 7 48559 492 0.04 47159
a®, |t &A= =5 5 487.10 6.43 0.02 477.1C
a®, g Pt A P =P =P 6 48753 6.86 0.01 47553
at, Bt By, oA R P 6 489.10 843 0.01 477.1C
a®, Bg Bt At (P =P 7 48951 8.84 001 47551
a®, g Pt A PPe), (P =P(G) 9 48954 887 0.01 47554
at, Bt &gt e P R 7 49094 1027 0.00 476.94
a®, Bt B, p*(HD), (HD), p(HD), A(HD), *3HD) 12 491.05 10.38 0.00 467.05
a®, g Pt A e A PR 8 49131 10.64 0.00 475.31
a® *q ®q*HD), r*(HD), p*(HD), PA(HD), P4HD) 13 49150 10.83 0.00 465.50
a®, Bt %, (G + HD), (G + HD), F(G + HD), PA(G + HD), PG + HD) 17 49262 11.95 0.00 458.62
a® Bt B, 0'G), (@), FFG), PAG), PYG) 12 49273 12.06 0.00 468.73
a®, ¥q & o) 1G), FG), (** =" (G)) 12 492,75 12.08 0.00 468.75
a®, g (G + HD), f(G + HD), F(G + HD), PA(G + HD), PAG + HD) 18 49320 1253 0.00 457.20
q®, ¥q "), F(G), F(G) .PAG), FYG) 13 49572 1505 0.00 469.72

[

To evaluate if the occupancy of bobcats depends on the presence of pumas we compared conditional occupancy models
#qan® egtimated separ at ey ¥ Qo evabate d theetecioo af obcatsneasl e | s (

influenced by the presence of pumas we compared conditional detection nﬁ)d;ets(mated separately frofA rand

r®2 assuming®* = ) to unconditional models fp= ** = %) (Richmond et al. 2010).
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Table 4. Model selection results fdroadscale2-species occupancy models evaluating seasonal interactions between bobcats and

pumas on the Front Range, Colorado, 20RGar amet er $§( pmaeb ablieldi Qy of &dpmobabiinofy f or pu |
occupancy for bobcats, given pumasmre e s e®*h(probabilitgof occupancy of bobcats, given pumas are absérrabability

of detection for pumas, given bobcats are abséhgprobability ofdetection for pumas, given both species are presént), p

(probability of detection for bobts given pumas are absent); (probability of detectiorior bobcats, given both species are present

and pumas are detected), afft{probability of detection for bobcats, given both species are preseptiaras are not detected).

Covariates includeds (sampling grid area), HD (influence of human development at a kernel density radius of 1300m), and E

(Sampling Effort).
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Model* K AIC. ®AI.C ¥ loglL)
a®, °t &®a'E), "E), (=" =" (G + HD + E) 10 508.60 0.00 0.48 488.60
a®, g ®'E®), E), 0 =" =P (G + HD + E)) 11 510.60 2.00 0.18 488.60
a®, °t &®a'E), "E), (=" =r*HD + E) 9 511.28 268 0.13 493.28
a®, ®q e, E), (=" =P (HD + E) 10 513.20 4.60 0.05 493.20
a®, Bt &E"aE), fE), =~ =" E) 8 513.38 4.78 0.04 497.38
a®, t &®a'E), "E), (=" =7~ G+E) 9 51400 540 0.03 496.00
a®, =%, G+HD+E),f(G+HD+E),fG+HD+E),PAG+HD+E),PAG+HD+E) 22 51447 587 0.03 470.47
a®, ¥q ®|{a'E®), FE), ¢ =" =P E) 9 51536 6.76 0.02 497.36
a®, ®q e, E), (=" =G+ E) 10 516.00 7.40 0.01 496.0C
a®, = By e, PE), PE), P =" (E) 10 51625 7.65 0.01 496.25
a®, "q @G + HD + E), (G + HD + E), B(G + HD + E), P*(G + HD + E), PAG + HD + E) 23 516.47 7.87 0.01 470.47
a®, *q "q@*(E), F'(E), PG + E), (F*=r"* (G + E) 13 51729 869 0.01 491.29
a®, *q =@ (®), \E), FE), *" = [E) 11 51824 9.64 0.00 496.24
aQ®, °® &")@*HD + E), \(HD + E), (HD + E), P*(HD + E), PAHD + E) 17 518.72 10.12 0.00 484.72
a®, t &®a'E), "E), PE), PAE), PAE) 12 519.78 11.18 0.00 495.78
a®, ®q g G +E), AG +E), B(G + E), (=G + E) 15 520.51 11.91 0.00 490.51
a®, *q ®@*(HD + E), f(HD + E), g(HD + E), P*(HD + E), PAHD + E) 18 520.70 12.10 0.00 484.70
a®, ®q Bate), fE), PE), PAE), PYE) 13 521.85 13.25 0.00 495.85
at, ¢ &G +E), G+E), PG +E), PAG+E), PAG+E) 17 52225 13.65 0.00 488.25
q®, ®q "G +E), (G + E), P(G + E), P*(G + E), PG + E) 18 525.03 16.43 0.00 489.03
1

To evaluate if the occupancy

of

bobcats

depends ™oanestaater

separately) to Tne BB) QT evaliate ii thel detentioml of Holscatd w@s influenced by the presence of pumas we compared

conditional detection modelsB(ps estimated separately frof'rand P2, assumlngBiA tBa) to unconditional models ?pz PA =

(Richmond et al. 2010).
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Table 5. Model selection results for fisealesinglespecies singkseason occupancy models
for bobcats evaluatindaily interactions with pumas on the Western Slope, Colorado, 2009.
Par amet er soccupancl; prdbabdity € useé for bobcedsd p (detection probability
for bobcats).Covariates included PumaCount (total number of independent puma photos
recorded at a camera site), HD (influence of human developmekéatel density radius of
200m), G (sampling grid area), Pdatne day detection of puma, no additional lag &ffé&
(day of puma detectiogplus 1 additional day of lag effect), Raf d puma detectioplus 2
additional days ollag effect), P4day of puma detectioplus 3 additional days of lag effect),

G*P (interaction term between sampling grid area thwedstructure of lag detection of purpas

Model* K AC, AI,.C ¥  loglL)
Q(.), p(PumaCount + HD 142606 +0.0P 3 0.52 G4LP(E
Q(.), p(PumaCount + HDV 12608 +0.92 2 0.33 G4LPIE
a(. ), (PumaCount + HDV 1430@7 +4.2B 4 0.86 G416
a(. ), (G + P3 + G*P3) 143236 6.30 0.02 1422.3¢
a(. ), (PumaCount + HD7 1433@1 +7.181 0.81 G419
a(. ), (PumaCount + HD) 143332 7.26 001 142532
a(. ), (G + P2 + G*P2)5 143384 7.78 001 1423.84
a(. ), (PumaCount + HDb 14342 )855 001 1424.61
a(. ), (PumaCount + HDb 1434B% )8.62 001 1424.6¢
a(. ), (PumaCount + HDb 1435P2d@ )9.20 0.01 1425.2¢
aqQ(.), p(PumaCount + HDb ¥35R8)9.22 0.01 1425.2¢
a(. ), ( HD) 3 143560 9.54 0.00 1429.6C
a(. ), (G + P4 + G*P4)s 1437.08 11.02 0.00 1427.0¢
a(. ), (PumaCount) 3 1438.72 12.66 0.00 1432.77
a(. ), (.) 2 1439.11 13.05 0.00 1435.11
a(. ), ( G) 3 1439.55 13.49 0.00 1433.5¢
a(. ), (G + P1 + G*P1)5 1439.79 13.73 0.00 1429.7¢
a(. ), (P2) 3 1440.90 14.84 0.00 1434.9C
a(. ), (P4) 3 1441.03 14.97 0.00 1435.02
a(. ), (P3) 3 1441.06 15.00 0.00 1435.0€
a(. ), (P1) 3 1441.11 15.05 0.00 1435.11
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Table 6. Model selection results for fingcalesingle species singkseason occupancy models
for bobcats evaluating daily interactions with pumas on the Front Range, Colorado, 2010.
Par amet er soccupancl; prdbabdity € usé for bobcedsd p (deteadn probability
for bobcats).Covariates included PumaCount (total number of independent puma photos
recorded at a camera site), HD (influence of human developmekéatel density radius of
1300m), G (sampling grid ared®1 Game day detection of panno additional lag effeGtP2
(day of puma detectioplus 1 additional day of lag effect), Rfaf of puma detectioplus 2
additional days ollag effect), P4day of puma detectioplus 3 additional days of lag effect),

G*P (interaction term betweenrmsgling grid area anthe structure of lag detection of purpas

Model* K AC, Al.C ¥ logl)
Q(.), p(PumaCount + HDV 17681l +0.092 045 GI6RPHA
a(c. ), p(PumaCount + HD 7901 +2.203 045 Gr6HRA
q(. ), p(PumaCount + HDI 7935 +2.31 044 GIrPIE
q(.), p(G + P2 + G*P2) 118116 4.35 0.05 1171.1€
a(c. ), p(PumaCount + HDY 1182.27 5.46 0.03 1174.27
q(. ), p(PumaCount + HDI H8289 +6.084 002 Gro®8s
a(c. ), p(PumaCount + HD ¥83HZ ) 637 0.02 1173.1¢
q(.), p(G + P3 + G*P3) 118331 650 0.02 1173.31
q(.), p(PumacCount + HDb HM83BB) 656 0.02 1173.37
aQ(.), p(PumaCount) 3 118391 7.10 0.01 1177.91
aqc. ), p(G + P1 + G*P1) 1184.01 7.20 0.01 1174.01
aq(.), p(HD) 3 1184.03 7.22 0.01 1178.0%
ac.), p(.) 2 118420 7.39 0.01 1180.2
d(.), p(PumaCount + HD6 HM84RH) 740 0.01 1174.21
a(c. ), p(PumaCount + HDb M84R7 ) 746 0.01 1174.27
ac.), p(P2) 3 1184.62 7.81 0.01 1178.62
a(.), p(P3) 3 1184.76 7.95 0.01 1178.7¢€
ac.), p(G) 3 118546 8.65 0.01 1179.4¢
a(.), p(P4) 3 118591 9.10 0.00 1179.91
a(c. ), p(P1) 3 1186.16 9.35 0.00 1180.1¢
q(.), p(G + P4 + G*P4) 118754 1073 0.00 1177.54
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0 5 10 Kilometers

L1 |

Figure 1. Motioractivated cameras were maim@il across two study sites in Colorad&A,
exhibiting varying levels of urbanizatiom.he more rural Western Slope (WS) was characterized
by an exurban development south grid and a wildland north grid during 2009. The more
urbanized Front Range (FR) study area was characterized by a wildtzardinterface south

grid and wildland nortlyrid during 2010.
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Figure 2a. WS exurban and wildland habitat activity pattern overlap
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Figure 2b. FR wildlandirban interface and wildland habitat activity pattern overlap
Figure 2. Overlap in activity patterns bee&n bobcats and pumas was greater in exurban habitat compared to wildland habitat on the
Western Slope (WS) during 2009 (a) and similar between wildlaban interface (WUI) and wildland habitat on the Front Range

(FR) during 2010 (b). Kernel densityrepresented along theaxis and the 24 hour circadian daily cycle occurs along-trdst
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