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School of Environmental and Forest Sciences
Humans have historically altered ecosystem structure through landscape manipulation,

leaving “remnants,” or refuge patches of suitable habitat amidst inhospitable terrain. Large
carnivores are especially vulnerable to such habitat modification because they tend to have low
population densities and reproductive rates as well as wide-ranging behavior to satisfy high food
requirements. Cougars (Puma concolor), by contrast, are highly resilient and have demonstrated
a tolerance for fragmented and managed landscapes. The temporal influence of landscape
development on cougar foraging behavior, however, is not well understood. Accordingly, I
compared cougar diets assessed during two different time periods, 2004 — 2008 (Study period 1)
and 2013 — 2016 (Study period 2), along a wildland-urban gradient in western Washington to
determine how urbanization influences the foraging ecology of this apex predator. Generalized
linear mixed model results from this investigation showed that the odds of cougar predation on
synanthropic prey increased with urbanization. Ungulate usage by cougars increased over time,
and the odds of ungulate predation remained relatively consistent across the wildland-urban
gradient, suggesting that cougars were able to maintain similar reliance on ungulates over time

and space despite potential differences in ungulate availability. The odds of rodent predation



decreased with increased development, suggesting that urbanization may diminish the quality of
riparian habitats in areas where wildlands abut residential landscapes. Individual differences
among cougars were a significant predictor of predation on all three prey groups, and the
dominant driver of cougar use of synanthrope and ungulate prey (which were primarily black-
tailed deer). The variation in cougar diets exhibited in this study suggests that cougar population
responses to urbanization, and other forms of human disturbance, are unlikely to be uniform, and
therefore, understanding the drivers that cause dietary specialization on certain prey types is a
key to predicting how cougar populations will be shaped by anthropogenic landscape
modification. Cougar kill locations consistently occurred in areas with low housing density
despite an advancing pattern of urban growth in the region since 2004. The residential
landscapes used by cougars in western Washington often fall outside city limits, and these areas
have undergone limited development as a consequence of Washington state’s approach to
managing urban growth. Specifically, in 1990, the Washington state legislature passed the
Growth Management Act (GMA), which largely restricted urban-growth to incorporated
townships and cities with the aim of protecting wildlife habitat. Washington's GMA has
influenced land-use planning in a way that benefits cougars, and could be used as a model for
structuring environmental policies beneficial to large carnivores elsewhere. Modeling
individual differences in cougar behavior, as I have done with cougar diets in this study, could
aid in mitigating cougar-human conflict by helping management agencies to identify individual
cougars prone to causing depredations. Lastly, cougar reliance on ungulates has increased over
time, and minimizing cougar-human conflict may also require minimizing browse opportunities

for deer near residences in an effort to keep foraging cougars away from homes.
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1. INTRODUCTION

Since the onset of plant and animal domestication approximately 12,000 years ago
(Diamond 2002, Price and Bar-Yosef 2011), humans have been reshaping ecosystems through
landscape modification (Ellis et al. 2010, Moss et al. 2016a). Today, landscape development in
the form of agriculture and urbanization are among the greatest drivers of species extinction and
biodiversity decline worldwide (Pimm and Raven 2000, Maxwell et al. 2016). Urbanization, and
the development of wild landscapes specifically, often happens in the form of residential sprawl,
which creates a gradient of human disturbance at the interface of built and natural ecosystems
(Radeloff et al. 2005, Conedera et al. 2015). Recent studies have shown that human activities
can alter patterns of disturbance and resource availability along such gradients, and that these
effects may extend well into rural and even wildland areas (Hendry et al. 2008, Palkovacs et al.
2010, Palkovacs et al. 2012, Alberti 2015, McDonnell and Hahs 2015, Alberti et al. 2017).
There remains a need, however, for more studies that explore how species and ecological
communities respond to the varying amounts of development that characterize wildland-urban
gradients.

Community assemblages along wildland-urban gradients are often shaped by differences
in species’ capacity to exploit anthropogenic resource subsidies and their tolerance for human
proximity and disturbed landscapes (Markovchick-Nicholls et al. 2008, Ordefiana et al. 2010,
Newsome et al. 2015b, Marzluff et al. 2016b). For example, urbanization has profoundly
affected the diversity of bird communities by influencing reproduction, survival, and breeding
dispersal in songbird species in Seattle, WA, USA (Marzluff et al. 2016b, Marzluff et al. 2016a).
Namely, sensitive forest species (e.g., Swainson’s thrush, Catharus ustulatus, Pacific wren,

Troglodytes pacificus) dispersed from active development to nearby forested areas, resulting in
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lower annual reproduction, whereas more tolerant species (e.g., song sparrow, Melospiza
melodia, spotted towhee, Pipilo maculatus) adapted to changing landscapes and exhibited higher
site fidelity. By implication, studies of how particular species respond to resource changes
associated with urbanization are critical to predicting how ecological communities are likely to
be shaped by anthropogenic ecosystem transformation.

Large mammalian carnivores are especially vulnerable to human development because
they tend to have low reproductive rates and must roam widely in search of prey to meet their
demanding energy requirements (Carbon et al. 1999, Cardillo et al. 2004, Cardillo et al. 2005,
Ripple et al. 2014). Moreover, these species often come into conflict with humans over livestock
depredation and personal safety (Ripple et al. 2014). Consequently, many large carnivores have
experienced substantial population declines and range contractions in the face of ongoing
anthropogenic landscape development (Laliberte and Ripple 2004, Sandom et al. 2014,
Newsome et al. 2016). Some carnivores, however, have shown the ability to adapt to living in
human-dominated environments (Tigas et al. 2002, Newsome et al. 2015a). Newsome et al.
(2015a), for example, showed that individual variation in movement and diet facilitated the
successful establishment of coyotes (Canis latrans) in urban Chicago, USA. Additional studies
exploring carnivore use of human-modified landscapes could help to build a general framework
for predicting which species are likely (and not likely) to exhibit population-level resilience to
ecosystem disturbances (Weaver et al. 1996) and potentially aid wildlife managers in mitigating
conflicts between humans and wildlife.

Cougars (Puma concolor) are solitary, far-ranging felids that are capable of occupying a
broad range of habitat types in both temperate and tropical environments (Sunquist and Sunquist

2002). Despite being extirpated from much of the eastern United States through predator
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removal programs, this large carnivore still retains the largest range of any terrestrial mammal in
the Western Hemisphere (Laliberte and Ripple 2004, Ripple et al. 2014). Historically, cougars
were associated with wildland environments, but recent studies have revealed that cougars are
capable of utilizing areas with extensive human presence (Torres et al. 1996, Beier et al. 2010,
Kertson et al. 2011a, Kertson et al. 2011b, Kertson et al. 2013, Wilmers et al. 2013). Though
some studies across the western United States and southern Canada have indicated that cougar
presence decreases as urbanization intensifies (Knopff et al. 2014, Lewis et al. 2015, Gray et al.
2016), cougars in urban environments have also demonstrated the capacity to adapt by changing
their foraging behavior and temporal activity patterns (Knopff et al. 2014, Wang et al. 2015).
For example, cougars in west-central Alberta, Canada and west-central California, USA
decreased diurnal activity patterns in areas with human activity and showed less avoidance of
anthropogenic disturbance at night, as well as increased nocturnal activity (Knopff et al. 2014,
Wang et al. 2015). Cougars in urbanized ecosystems have also been found to increase their
consumption of non-ungulate prey, which is presumably a byproduct of increased availability
due to landscape development (Smith et al. 2015, Moss et al. 2016a, Moss et al. 2016b). As
urbanization intensifies, overlap between cougar and human populations will increase, especially
in areas where residential development extends into cougar territories and wild landscapes. Thus
far, however, only two studies have addressed changes in cougar foraging behavior over time
along a wildland-urban gradient that continues to urbanize (Moss et al. 2016a, Moss et al.
2016b). Such studies are crucial to understanding how on-going urbanization functionally
changes cougar ecology and for predicting how cougar populations will fare as urbanization
increases. Accordingly, I examined changes to cougar foraging behavior over time along a

continually urbanizing wildland-urban gradient in western Washington.
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In the state of Washington, many cougar populations overlap with exurban and suburban
environments, making them ideal for long-term research on predator responses to anthropogenic
disturbance. In western Washington at the foothills of the Cascade Mountains, cougars occur
throughout a well-defined wildland-urban gradient (0 - >10 residences/ha; Robinson et al. 2005,
Kertson et al. 2011a, Kertson et al. 2013). Examination of cougar space-use along this gradient
revealed that individuals exhibited similar movement patterns in wildland and residential
environments (Kertson et al. 2011b). By inference, cougars in this system have been able to find
suitable habitats and resources within a matrix of residential development while keeping
interaction rates with humans low (1.6 interactions/1,000 radio days; Kertson et al. 2013).
Moreover, Kertson et al. (2011a) demonstrated differential prey use across the gradient,
suggesting that urban development in western WA has shaped cougar diets. The relationship
between temporal changes to urban development and cougar diets in this system has not been
investigated, however. Accordingly, I compared cougar kill location data collected during two
study periods — the years 2004 — 2008 (termed hereafter as “study period 1) and 2013 — 2016
(termed hereafter as “study period 2”’) — in a region where I was also able to quantify increases in
development during that time span.

Under the hypothesis that cougars adjust their diets to take advantage of widely available
prey (Kertson et al. 2011a, Moss et al. 2016a), I predicted that increasing building density would
be associated with an elevated presence of synanthropic species (Moss et al. 2016, Alberti et al.
2017) in cougar diets, and a commensurate decrease in forest-associated ungulates and rodents
that are generally taken in wildland portions of the study area (Kertson et al. 2011a). I also
expected cougars to exhibit increased use of synanthropic prey and diminished use of ungulates

and rodents during study period 2 relative to study period 1 under the assumption that increases
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in development translate to increases in synanthropic species availability and decreases in the

other two prey groups.
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2. METHODS
2.1. Study site

I examined cougar kill site locations in a 4,450 km® research site encompassing portions
of King County, Snohomish County, and Pierce County Washington, USA (590 000 E, 5 260
000 N; Fig. 1). Land ownership within the study site was an amalgamation of state, federal,
municipal, and private property. Major landowners included the Washington Department of
Natural Resources, the United States Forest Service, City of Seattle, King County, Campbell
Global, Hancock Forest Management, and Fruit Growers Supply Incorporated (King County GIS
Center, 2016). Major cities and towns within the study area include Bellevue (population
139,820), Redmond (60,598), Issaquah (36,081), Snoqualmie (13,169), Duvall (7,674), and
North Bend (6,679), Washington, USA (US Census Bureau 2015).

The study site is topographically complex, and is characterized by a gradual east-west
gradient spanning wildland, exurban (< 2.5 residences/ha), suburban (2.5-10 residences/ha), and
urban (> 10 residences/ha) environments (Robinson et al. 2005, Kertson et al. 2011b). Private
timberland, Washington Department of Natural Resources forest, and United States Forest
Service holdings comprise the majority of the eastern portion of the study site. The majority of
wildland spaces within the study area consist of temperate coniferous forests typical of the North
Cascades eco-region (Franklin and Dyrness 1973). Cougars within the study area primarily prey
on black-tailed deer (Odocoileus hemionus columbianus), elk (Cervus elaphus), beaver (Castor
canadensis), raccoon (Procyon lotor), and mountain beaver (4plodontia rufa; Kertson et al.
2011b, 2013), but their diet can also include mountain goats (Oreamnos americanus), coyotes
(Canis latrans), opossums (Didelphis virginiana), river otters (Lontra canadensis), mink

(Neovison vison), black bears (Ursus americanus), and domestic species. Domestic species
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Figure 1. Location of the 4,450 km” cougar (Puma concolor) study site encompassing portions

of King County, Snohomish County, and a small section of wildland in Pierce County (<75
km?). The study site used by Washington’s Department of Fish and Wildlife during period 1 was

smaller (3,500 km?), although King County portions of the study site were identical. Residential
and suburban development was concentrated in the western third of the study area with
16
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consumed by cougars during this study included llama (Lama glama), domestic cat (Felis catus),
sheep (Ovis aries), and chicken (Gallus gallus domesticus). The topographic, physiographic, and
developmental characteristics of the study site are described at greater length in Kertson et al.
(2011b; 2013).

2.2. Radio-tagging and GPS cluster analysis

Washington Department of Fish and Wildlife personnel used trained dogs and cage traps
to capture and radio-tag cougars throughout the study site from 2004 to 2008, and again from
2013 to 2016. Once captured, cougars were immobilized, given a physical examination, and
outfitted with a global positioning system (GPS) radio-collar equipped with Vhf/Uhf download
or Globalstar uplinks (Models Simplex, Televilt, Lindesberg, Sweden and GPS Plus, Vectronic
Aerospace, Berlin, Germany). All captured cougars were anesthetized using a 10:1 mixture of
Ketamine hydrochloride and Xylazine hydrochloride (Wildlife Pharmaceuticals, Fort Collins,
Colorado, USA) at a dosage of 8.8 mg/kg ketamine and 0.88 mg/kg xylazine, and handled in
concurrence with University of Washington Institutional Animal Care and Use Committee
(IACUC) protocol No. 3077-07 (version 3). All capture methods have been vetted previously
and described in detail elsewhere (Kertson and Marzluff 2010, Kertson et al. 2011a, Kertson et
al. 2011b, Kertson et al. 2013).

Global positioning system radio-collars were programed to attempt a satellite fix for 180
seconds every 4 hours at 2:00, 6:00, 10:00, 14:00, 18:00, and 22:00 hours. The 4-hour fix
interval was chosen to maximize data acquisition and battery life (Cain et al. 2005, Kertson et al.
2011b). Cougars used in this study averaged 1,560 usable fixes (median = 1,528, range = 290 —
3,244; Table 1). I identified potential kill site locations during study period 2 in accordance with

the methodology used by Kertson et al. (2011a, 2011b) during study period 1. Namely, I first
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Table 1. Cougars used in this analysis (n = 21) with associated identification numbers, sexes,
GPS fix numbers, study period designation (2004 to 2008 [study period 1] or 2013 to 2016
[study period 2]), and numbers of kills.

Cougar ID  Cougar Sex GPS Fixes Study Period Total Kills
4 Female 1303 2 33
5 Male 465 2 10
6 Female 2068 2 35
8 Female 2071 2 33
12 Female 1891 2 21
14 Female 1826 2 39
17 Female 3244 2 49
30 Female 1693 2 12
34 Female 1954 2 16
35 Female 1169 2 26
37 Male 1176 2 14

131 Male 1214 1 21
136 Female 2358 1 64
137 Female 745 1 18
309 Male 574 1 10
323 Male 2842 1 78
324 Male 1272 1 43
325 Female 290 1 8
326 Male 1312 1 7
327 Female 1771 1 18
331 Female 1528 1 7




plotted cougar relocations in ArcMap 10.3 and 10.4 (Environmental Systems Research Institute
2014) and Google Earth (Google Inc., Mountain View, California, USA) and then defined
location clusters as >3 GPS fixes occurring within <100m” area (methods by Anderson and
Lindzey 2003 slightly adapted to account for small prey items). After identifying potential
predation sites, I used a handheld GPS receiver and antenna to locate prey remains on the ground
(Model Etrex 20, Garmin Ltd., Schafthausen, Switzerland). Similar to Kertson et al. (2011a),
after reaching each GPS location, I searched in concentric circles varying between Sm and 10m
apart (depending on visibility) out to the extent of the cluster radius (up to 100m) until I found
prey remains. I recorded a GPS location at the kill site if prey remains were found that closely
matched the dates during which the cluster was created and if I also found definitive evidence of
cougar feeding behavior (e.g., carcass caching behavior, drag marks, hemorrhaging, skeletal
remains, and cougar scat; Knopff et al. 2009, White et al. 2011, Kertson et al. 2011a, Wilkens et
al. 2015). I attempted to visit potential cougar kill sites within 2-4 weeks of the final GPS fix
recorded at the cluster location in order to obtain as much data on each prey item as possible
(e.g., sex, age, and relative condition, Cheatum 1949, Ballard 1995).
2.3. Kill site assessment

WDFW personnel assessed kill sites from 2004 — 2008, and I did so from 2013 — 2016
using the same methodology. Namely, after confirming each kill site location based on the
presence of prey remains, hair, drag marks, and caching behavior (Beier et al. 1995; Knopff et al.
2009, Wilkens et al. 2015), I adjusted kill site coordinates on-site to correspond to the location of
the rumen. In most cases, cougars dissmbowel their prey, remove the rumen, and consume the
heart, lungs, and liver shortly after making the kill. Cougars may cache a carcass 0-80 meters

from the predation location during subsequent feeding bouts (Beier et al. 1995). Thus,
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designating the position of the rumen as the kill location allowed for more consistent assessment
of kill site features. If the prey item was a non-ungulate species, I used the presence of intestines
and internal organs to record the location of the kill site. Whenever possible, I documented prey
species, sex, age, condition, and relative carcass consumption, after the approach employed by
Kertson et al. (2011a) during study period 1. I determined prey sex in ungulates based on antler
presence or absence, and prey age using dentition and patterns of tooth wear and replacement
(Severinghaus 1949). I completed a field-based evaluation of prey physiological condition (on a
scale of 1 to 3, poor to high quality, in increments of 0.5) whenever possible using the color and
consistency of femur bone marrow (Cheatum 1949, Davis et al 1987). In accord with Ballard
(1995), femur bone marrow was only considered a proxy for physiological condition if site
visitation occurred within 14 days of the predation event.
2.4. Statistical Analysis

I examined the influence of urbanization on diets of 10 cougars from study period 1 and
11 cougars from study period 2; one cougar spanned both time periods (F137 in study period 1
was also F4 in study period 2). Specifically, I used generalized linear mixed models (GLMM:s)
to test whether building density, a proxy for urbanization intensity (Theobald 2005, Theobald
2010), had an effect on the occurrence of certain prey items across the wildland-urban gradient.
To create a building density predictor variable, I quantified urbanization within the study site
using GIS parcel data from King and Snohomish Counties, Washington, USA. Parcel data for
years 2007 and 2015 (King County) and 2004 and 2016 (Snohomish County) were acquired
through the University of Washington Libraries media archive, along with the associated
assessor’s tables containing parcel attribute data. I chose these years because they suffered the

least amount of data loss following a melding of the assessor’s table and parcel layer shapefile
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(accomplished using the Join tool in ArcToolbox, ArcMap 10.4). All the years selected retained
more than 90% of the original data following a fusion of the assessor’s table and shapefile. I
used the 2007 parcel layer for King County to quantify development during study period 1, and
parcel data from 2015 to quantify development during study period 2. I developed land use
maps at the parcel scale using information available from present-use codes in the assessor’s
table for each year (Alberti et al. 2007). Present-use codes identify the property type for each
parcel. The present-use codes allowed me to assign parcels a new land-use classification that
expanded slightly on the categories used in Alberti et al. (2007) and Robinson et al. (2005). I
designated forested and non-forested vegetation (including agricultural land) in accordance with
both of the aforementioned studies, however. I removed parcels considered forested and non-
forested vegetation (Table 2) when quantifying development (e.g., built environment) because
cougars frequently use such land cover types. Indeed, these cover types often contain more
forested habitat or pasture than built space, reinforcing the need to remove such parcels from the
analysis. The remaining parcels (Land-use ID 1-5, 6-12, 15, 16) included other forms of
development such as parking lots, residences, office spaces, shopping centers, major roads,
schools, hospitals, and government institutions. Regression models used by Alberti et al. (2007)
indicated that land-use and housing density data along Washington’s wildland-urban gradient are
good predictors of landcover composition and configuration. Using definition query in ArcMap
10.4, I selected these urbanized parcels and assigned each a centroid via the feature-to-point tool
in ArcToolbox (Kertson et al. 2011a, ESRI 2014). I then converted each resulting point layer to
a raster using the point density tool in the spatial analyst extension of ArcMap 10.4. After raster
files were created for both years, I used the minus tool to subtract one raster from another. In

this way, I quantified changes in development in King County by subtracting the 2007 raster
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Table 2. Land-use classifications used to quantify changes in built parcels in King County and
Snohomish, Washington, USA. The categories selected were structured similarly to Robinson et
al. (2005) and Alberti et al. (2007) and were created using publicly available King County parcel
data. Forested and non-forested vegetation were removed when quantifying development within
the study area and are highlighted in bold.

Land Use ID Land Use

Land use Description

Abbreviation

1 SFR Single-family residential

2 MFR Multi-family residential

3 MXU Mixed use (assemblies, storage, theatres, sports
facilities, miscellaneous)

4 COM Commercial (retail, entertainment, services)

5 COH Heavy use commercial (amusement parks, malls,
shopping centers)

6 AGR Agriculture (farming, husbandry, fisheries)

7 IND Industrial and utilities

8 INH Heavy use industrial

9 OFF Office

10 OFH Heavy use office

11 INS Institutional (cultural centers, community
centers, schools, churches, hospitals, government
buildings)

12 PKG Parking

13 REC Outdoor recreation (trails, camps, parks,
hiking and fishing areas)

14 OSP Open space (vacant land, timber land, water,
wild space)

15 TRA Transportation

16 TRH Heavy use transportation
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from the 2015 raster. The resulting heat map indicated where development in the form of built
space had increased within the study area during the aforementioned time interval. I evaluated
all changes in building density at both the hectare and square kilometer scale, and found that the
growth rate for the study site portion of King County was 7.6% (128,733 to 138,506 parcels; Fig.
2). The percent increase in development observed inside the King County portion of the study
area is similar to growth rates reported in western Washington previously by Alberti et al.
(2009). According to Alberti et al. (2009), urban land cover outside of urban growth boundaries
increasing by 7.4%, compared to 3.9% inside urban growth boundaries from 1986 to 2002.
Urban Growth Boundaries are landscape delineations inside which urban development is
encouraged under Washington State law (GMA; Chapter 36.70A RCW). The similarity between
development estimates in this study and those reported previously implies a relatively accurate
assessment of development changes within the study site.

To quantify building density at each cougar kill location throughout the study site, |
determined the year in which each kill was made and then calculated building density at that
location from the most temporally relevant parcel layer (e.g., the King County 2004 parcel layer
was used to measure building density at a kill in King County from 2005). Once all kills had a
temporally appropriate representation of building density, I used the Extract Values to Points tool
in ArcMap 10.4 to extract raster cell values for all kill site locations. The resulting values
represented a continuous building density variable at the hectare scale. I also applied the
methodology used to quantify built space in the King County portion of the study site to
Snohomish parcel data from 2004 and 2016. However, subtracting the 2004 Snohomish raster
from the 2016 Snohomish raster file using the minus tool generated an inaccurate assessment of

urban growth rates in Snohomish County. Consequently, I did not include the Snohomish
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a) Changes in Building Density (ha) b) Changes in Building Density (Km?)
— ngh 52.94 w— High: 78.07
== Low: 0.00 = Low: 0.00
Figure 2. Changes in the density of built structures in the King County (2007 — 2015) portion of the study site at both the hectare (a)
and square kilometer (b) scale. Development along the urban-wildland gradient was concentrated in the western portion of the

research site, with King County growing from 128,733 built parcels inside the study area in 2007 to 138,506 in 2015 (7.6% annual
growth rate). Many of the development hotspots are located in incorporated townships.
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County residential analysis in this thesis; however, using the Extract Values to Points tool in
ArcMap 10.4 I was still able to quantify building density for the 29 kill locations that occurred in
Snohomish County. All 29 kills in Snohomish County had similar building density values as
kills in King County, and thus were retained for analysis. The four kills located in Pierce County
all occurred in wildland areas, negating the need to quantify building density for Pierce County
kill sites.

To address the hypothesis that building density would affect the occurrence of different
prey species, [ used GLMMs with multiple ecologically relevant predictors. To achieve sample
sizes necessary for modeling of cougar diets, I grouped prey species into three ecologically
relevant categories: ungulates (mountain goat, elk, and black-tailed deer), synanthropes
(raccoons, coyotes, and domestic species), and rodents (mountain beaver and American beaver).
These prey categories closely mirror those used by Moss et al. (2016b), who grouped prey into
biologically meaningful categories based on isotopic signatures. The ungulate group in this
study consisted of species typically associated with wildland areas in western Washington,
specifically black-tailed deer, elk, and mountain goat. Likewise, rodents (American beaver and
mountain beaver) are largely wildland obligates in our system. Synanthropic species included
coyotes, raccoons, opossums, and domestic species. Grouping prey species into these categories
removed multiple low-digit kills from the dataset. I modeled each prey group as a binary
response variable, with a kill of the target species within a focal prey category equating to 1 and
kills of species in the other two categories equaling 0. I used several fixed predictor variables —
cougar sex, study period, and building density — to build a set of candidate models for each prey
type response variable. Previous studies in western WA have revealed individual differences in

cougar dietary and spatial responses to urbanization (Kertson et al. 2011a, b). Thus, I also

25



included the random effect of cougar ID in all models to account for the possibility of individual
differences in dietary responses to urbanization within and between the two time intervals. The
random cougar effect allows a separate intercept for each cougar, where the random effects are
offsets from the mean fixed intercept and are assumed to be normally distributed with a mean of
zero. Including the random cougar effects helps account for correlation among kill types by
individual cougars. Null models contained only a single fixed intercept. I considered all
possible interaction effects among fixed predictor variables in candidate models for each
response, and ranked candidate models based on differences in the small-sample corrected
Akaike information criterion (AIC,) in accordance with Burnham and Anderson (2002). I only
considered models with a A AIC, < 2 relative to the top model to be competitive (Burnham and
Anderson 2002), and only considered fixed and random effects significant if 95% confidence
intervals for their coefficient estimates did not overlap 0. Profile confidence intervals were used
to evaluate the variance of the cougar ID random effect in each top model, and standard Wald
confidence intervals were used to determine the strength of fixed effect estimates. To quantify
the relative strength of evidence for each candidate model, I calculated model likelihood using

the equation

1
L{gilx) < exp(—-Ai)
where “©c” means “is proportional to”, and g; represents the model of interest whereas Ai

represents its associated AIC, difference. To better interpret the relative likelihood of each
model, I normalized each likelihood outcome to create a set of positive AIC, weights (Burnham
and Anderson 2002). Odds ratios and their associated 95% confidence intervals were extracted
in R and used to evaluate the effect magnitude of the fixed and random effects in each of the top

models. I built all GLMMs using the glmer and glm functions in the Ime4 package in R (Bates et
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al. 2016). The Ime4 package fits linear and generalized mixed-effects models by implementing

computational algorithms from the Eigen C++ library (Bates et al. 2016).
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3. RESULTS

I evaluated diets from 21 individual cougars to determine if urbanization drove changes
in cougar diets spatially (e.g., across the gradient) and temporally (e.g., between study periods).
Overall, cougar diets included 15 different prey species (Fig. 3 and 4), with black-tailed deer
(407 kills) and American beaver (70 kills) accounting for the majority of cougar food resources
based on investigation of GPS clusters. Spatially, the frequency of synanthropic species in
cougar diets was positively associated with increases in building density (Table 3), and cougar
predation on synanthropic species tended to occur in areas with greater building density than
areas associated with rodent and ungulate kills. Temporally, ungulates were the most common
cougar prey item in both study periods, and proportional use of ungulates as prey increased in
study period 2 relative to study period 1 (Table 4). The distributions of kill site locations from
study period 1 and study period 2 were roughly equivalent across the wildland-urban gradient,
however, minimizing the likelihood that differences in cougar diets between study periods were a
function of differences in sampling effort in residential areas (Table 5). Despite synanthropic
species occurring in areas with greater building density, building density changed little among
prey groups across time (Fig. 5), and the average residential density at which kill site locations
occurred did not vary markedly across all years of the investigation (Fig. 6).

The occurrence of synanthropic species in cougar diets was strongly tied to individual
identity as well as the extent of urbanization. Namely, the top synanthrope model included
building density as the sole fixed effect and indicated that there was a multiplicative change of
4.77 (95% CI: 1.06, 21.53) in the odds of cougar predation on synanthropic species with every

increase in building density of one building per hectare (Table 6).
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River otter River otter
Mink Mink
Black bear Black bear
Sheep Sheep
Opossum Opossum
Raccoon (12) Raccoon ()]
Mountain goat Mountain goat
Llama Llama
House cat House cat
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Mountain beaver Mountain beaver (14)
Coyote (6) Coyote
Chicken Chicken
Black-tailed deer (162) Black-tailed deer
Beaver (65) Beaver | (5
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Figure 3. Number of prey species killed during study period 1 (a) and study period 2 (b). Kill numbers >5 are indicated in
parentheses.

(245)

250
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Synanthrope G7
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Figure 4. Numbers of prey species killed by cougars (n = 568) across all study years (a) and the number of cougar kills included in
each of the three prey categories: Ungulates (black-tailed deer, elk, mountain goat); Rodents (beaver, mountain beaver); Synanthropes
(raccoon, coyote, opossum). Two black bear kills, two river otter kills, and one mink kill were removed when grouping prey as these
species, while considered wildland mammals, are not rodents or ungulates. Kill numbers for species and prey groups with > 20 kills
are indicated in parentheses.
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Table 3. The number of kills by prey group made by cougars at three levels of building density.
The mean for building density across all kills was 0.05; hence, the three categories of building
density were created to correspond with wildland areas, residential densities below the mean, and
residential densities above the mean. The proportion of each prey type across building densities
is indicated in parentheses

Building density (ha) Ungulate Rodent Synanthrope
0 330 (0.80) 74 (0.18) 8(0.02)
0-0.05 40 (0.77) 5(0.10) 7(0.14)
>0.05 69 (0.70) 8 (0.08) 22 (0.22)
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Figure 5. Average building density at cougar kill site locations according to prey type. Plots are separated according to study period,
with synanthropes consistently being killed in areas with greater building density than ungulates and rodents. Boxplots represent the
lower (25%) and upper (75%) quartiles with the middle band representing the median (50" percentile). Error bars provide a 95%
confidence interval for the difference in group means (McGill et al. 1978, Chambers et al. 1983). Open circles represent building
density values for individual kills in each prey group.
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Table 4. Total kills by prey type made by cougars across study periods.

Study Period Ungulate Rodent Synanthrope Total
1 182 68 24 274
2 257 19 13 289
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Table 5. Total kills made by cougars across the two study periods at three levels of building
density. The mean for building density across all kills was 0.05; hence, the three categories of
building density were crested to correspond with wildland areas, residential densities below the
mean, and residential densities above the mean. Sampling effort was consistent between study
periods across the wildland-urban gradient.

Building Density (ha) Study Period 1 Study Period 2 Total
0 199 213 412
0-0.05 23 29 52
>0.05 52 47 99
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Figure 6. Average building density at all cougar kill locations during every study year since

2004. Despite a few outlying kills occurring in high-density areas in 2004, 2008, and 2016, kills

across years occurred on average in areas with < 0.5 built parcels per hectare.
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Table 6. Multiplicative change in the odds of predation by cougars on synanthropes, ungulates,
and rodents as building density increases by one building per hectare. Odds 95% confidence
bounds are included for each prey group.

Prey Group Multiplicative change Confidence interval Confidence interval
in relative odds (lower bounds) (upper bounds)

Synanthropes 4.77 1.06 21.53

Ungulates 1.48 0.38 5.75

Rodents 0.00 0.00 0.23
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The 95% confidence interval for this variable’s coefficient did not overlap zero (f = 1.56, CI =
0.06, 3.07), indicating that its effect was significant. By contrast, the cougar random effect in
this model accounted for a considerable amount of variability in synanthrope usage, where the
estimated standard deviation of the random effects was & = 1.23 (95% CI = 0.66, 2.21).
Random effect estimates for individual cougars in the top synanthrope model varied considerably
(Table 7), with three individuals (F30, M324, and F325) differing significantly from the cougar
population average in their predation on synanthropic species (Fig. 7). The multiplicative odds
of F30, M324, and F325 preying upon synanthropes were estimated to be 6.78 (95% CI: 2.09,
22.04), 7.07 (95% CI: 3.62, 13.84), and 6.79 (95% CI: 1.71, 26.10) times greater than the
average odds among cougars, respectively (Table 8).

Individual cougar identity was also the dominant driver of cougar predation on ungulates.
Specifically, the top ungulate model included fixed effects for sex and study period with no
interaction effects (Table 9), but the 95% confidence intervals for the coefficients for sex (f = -
0.75, CI=-1.61, 0.10) and study period (5 = 0.81, CI =-0.01, 1.65) overlapped zero by a small
amount and thereby indicated that their effects were marginally non-significant. The estimated
standard deviation of the cougar random effects, on the other hand, had a 95% confidence
interval not overlapping zero (6 = 0.64, CI =0.23, 1.11), indicating significant differences in the
use of ungulates among individuals in this study. Specifically, two cougars (M323 and M324)
had significantly lower estimates than the population average, regardless of study period (Table
10, Fig. 8). The odds of either of these cougars preying upon ungulate species were less than 1,
whereas the odds of ungulate predation were relatively consistent across the remaining cougars
(Table 11). One cougar in particular, M131, had an especially strong propensity to kill ungulate

species, with odds of predation on ungulates by this cat being 2.49 (95% CI = 1.10, 5.63) times
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Table 7. Generalized linear mixed model (GLMM) estimates for each cougar random effect in
the top synanthrope model with upper and lower 95% confidence bounds. Cougars with 95% CI
that do not overlap 0 are highlighted in bold.

Cougar ID Beta (B) Confidence interval Confidence Interval
(low) (high)
4 -0.83 -2.62 0.96
5 -0.41 -2.45 1.63
6 -0.86 -2.63 0.92
8 -0.84 -2.62 0.94
12 0.98 -0.20 2.17
14 -0.93 -2.67 0.82
17 -0.39 -1.81 1.04
30 1.91 0.74 3.09
34 0.57 -0.78 1.92
35 0.53 -0.80 1.85
37 0.21 -1.43 1.84
131 0.03 -1.53 1.58
136 -0.14 -1.33 1.06
137 -0.83 -2.63 0.96
309 0.53 -1.21 2.28
323 0.24 -0.70 1.19
324 1.96 1.29 2.63
325 1.92 0.53 3.30
326 0.06 -1.67 1.78
327 -0.58 -2.50 1.35
331 -0.30 -2.42 1.83
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Figure 7. GLMM estimates for each individual cougar random effect in the top synanthrope
model. Each cougar represents a deviation from the fixed intercept value, which is the mean
intercept among all cougars in the study. Cougars M324, F325, and F30 all differed significantly
from the average cougar in their foraging behavior on synanthropes (i.e., their associated 95%
confidence intervals did not overlap 0).
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Table 8. Multiplicative factors on the odds of synanthrope predation by individual cougars
relative to the average cat (odds of synanthrope predation by the average cougar equal 1). 95%
confidence intervals for the odds ratios are included and cougars with significant odds (e.g. odds
95% confidence interval does not overlap 1) of synanthrope predation are highlighted in bold.

Cougar ID Odds o.f synanthrope Confidence interval C(.)nﬁdence interval
predation (low) (high)
F4 0.44 0.07 2.61
M5 0.67 0.09 5.11
F6 0.42 0.07 2.50
F8 0.43 0.07 2.55
F12 2.68 0.82 8.74
F14 0.40 0.07 2.26
F17 0.68 0.16 2.83
F30 6.78 2.09 22.04
F34 1.77 0.46 6.82
F35 1.70 0.45 6.36
M37 1.23 0.24 6.29
M131 1.03 0.22 4.84
F136 0.87 0.26 2.88
F137 0.43 0.07 2.62
M309 1.71 0.30 9.73
M323 1.28 0.50 3.28
M324 7.07 3.62 13.84
F325 6.79 1.71 27.00
M326 1.06 0.19 5.95
F327 0.56 0.08 3.84
F331 0.74 0.09 6.21
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Table 9. All candidate GLMM models with a A AIC, <2 when compared to the top model for each prey group. Null models and
models only including random effects (fixed intercept = 1). Model likelihood and AIC, weight calculations are included for more
robust model interpretation. Model likelihoods quantify the plausibility that each model is the actual best model, and AIC, weights

express the weight of evidence that model i is actually the best model among the candidate set for a given response variable (Burnham
and Anderson 2002).

Response Variable Predictor Variables AIC, AAIC.  Model likelihood AIC. Weight
Synanthrope Building density, random effect 25220 O 1 0.51
Synanthrope Study period, building density, random effect 253.50 1.30 0.52 0.27
Synanthrope Random effect only 253.90 1.70 0.43 0.22
Synanthrope None (null model) 27497 228 0.00 0.00
Ungulate Sex, study period, random effect 537.0 0 1 0.33
Ungulate Study period, random effect 537.50  0.50 0.78 0.26
Ungulate Sex, random effect 538.20 1.20 0.55 0.18
Ungulate Sex, study period, building density, random effect 538.60 1.60 0.45 0.15
Ungulate Random effect only 540.80  2.80 0.25 0.08
Ungulate None (null model) 595.65  58.65 0.00 0.00
Rodent Sex, study period, building density, random effect 426.80 0 1 0.32
Rodent Sex, study period, building density, no random effect 428.22 1.42 0.49 0.15
Rodent Sex, study period, building density, sex — study period 428.30 1.50 0.47 0.15
interaction, random effect
Rodent Study period, building density, random effect 428.40 1.60 0.45 0.14
Rodent Sex, study period, building density, study period — 428.70 1.90 0.39 0.12
building density interaction, random effect
Rodent Sex, study period, building density, sex — building density 428.80 2.0 0.37 0.12
interaction, random effect
Rodent Random effect only 441.70 14.9 0.00 0.00
Rodent None (null model) 486.73 59.93 0.00 0.00
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Table 10. GLMM estimates for each cougar random effect in the top ungulate model with upper
and lower 95% confidence bounds. Cougars with 95% CI that do not overlap 0 are indicated in

bold.
Cougar ID Beta (B) Confidence interval Confidence Interval
(low) (high)
4 -0.14 -0.94 0.66
5 0.45 -0.54 1.45
6 0.45 -0.44 1.34
8 0.24 -0.62 1.09
12 -0.40 -1.25 0.45
14 0.50 -0.38 1.38
17 -0.30 -0.98 0.39
30 -0.69 -1.61 0.24
34 -0.11 -1.05 0.84
35 -0.28 -1.11 0.55
37 -0.08 -0.96 0.79
131 0.92 0.10 1.74
136 -0.27 -0.78 0.25
137 0.28 -0.59 1.15
309 -0.32 -1.18 0.54
323 -0.59 -1.01 -0.18
324 -0.57 -1.11 -0.04
325 -0.35 -1.30 0.60
326 0.08 -0.86 1.03
327 0.28 -0.59 1.15
331 0.36 -0.67 1.39
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Figure 8. GLMM estimates for each individual cougar random effect for the top ungulate
model. Each cougar represents a deviation from the fixed intercept value, which is the mean
intercept among all cougars in the study. Cougars M131, M323, and M324 all differed
significantly from the average cougar in their reliance on ungulates (i.e., their associated 95%
confidence intervals did not overlap 0).
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Table 11. Multiplicative factors on the odds of ungulate predation by individual cougars relative
to the average cat (odds of ungulate predation by the average cougar equal 1). 95% confidence
intervals for odds ratios are included and cougars with significant positive or negative odds of
ungulate predation are indicated in bold.

Cougar ID Odds of Ungulate Confidence interval Confidence Interval
predation (low) (high)
4 0.88 0.40 1.95
5 1.58 0.59 4.23
6 1.57 0.65 3.79
8 1.27 0.54 2.99
12 0.66 0.28 1.56
14 1.65 0.69 3.93
17 0.75 0.38 1.49
30 0.51 0.20 1.27
34 0.87 0.34 2.24
35 0.76 0.33 1.74
37 0.92 0.38 2.20
131 2.49 1.10 5.63
136 0.78 0.47 1.31
137 1.27 0.53 3.03
309 0.74 0.32 1.74
323 0.57 0.38 0.87
324 0.57 0.33 0.96
325 0.71 0.28 1.82
326 1.04 0.40 2.68
327 1.33 0.56 3.15
331 1.44 0.52 3.99
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greater than the average cougar in this study. Odds of ungulate predation were relatively
consistent across the wildland-urban gradient, staying near 1 as building density increased (Table
6).

The intensity of urbanization and individual identity were each important drivers of
cougar predation on rodents. Namely, the top rodent model included the fixed effects of sex,
study period, and building density, along with the random effect for individual cougars, with no
interactions among predictors (Table 9). All three fixed effects proved significant in the top
model, with the confidence intervals for sex (5 = 0.88, 95% CI = 0.06, 1.70), study period (f = -
1.00, 95% CI =-1.82, -0.18), and building density (= -6.59, 95% CI = -11.71, -1.47) not
overlapping zero. The occurrence of rodent prey items decreased from study period 1 to study
period 2, and the odds of rodent predation decreased as building density increased across the
wildland-urban gradient (Table 6). The estimated standard deviation of the cougar random
effects was also significant in the top rodent model (6 = 0.46, 95% CI = 0.00, 1.01), with the
majority of cougars in the study subsisting on fewer rodents than the average cat (Fig. 9). While
the lower bound for the confidence interval of the cougar random effect equals 0, there is a
AAIC, = 45 when comparing the null model versus a the model with only the cougar random
effect, indicating that the effects of individual cougars are significant. Only one cougar (M323)
had a significant, positive association with rodents (5 = 0.62, 95% CI = 0.21, 1.03), with its odds
of rodent predation being 1.86 (95% CI = 1.24, 2.80) times greater than the average cougar in

this study (Tables 12 and 13).
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Figure 9. GLMM estimates for each individual cougar random effect in the top rodent model.
Each cougar represents a deviation from the fixed intercept value, which is the mean intercept
among all cougars in the study. Cougar M323 differed significantly from the average cougar in
its foraging behavior on rodents (i.e., its associated confidence interval did not overlap 0).

46



Table 12. GLMM estimates for each cougar random effect in the top rodent model with upper
and lower 95% confidence bounds. Cougars with 95% CI not overlapping 0 indicated in bold.

Cougar ID Beta (B) Confidence interval  Confidence Interval
(low) (high)
4 0.29 -0.45 1.03
5 -0.22 -1.05 0.61
6 -0.16 -0.95 0.60
8 -0.01 -0.78 0.75
12 0.05 -0.80 0.89
14 -0.18 -0.96 0.59
17 0.38 -0.30 1.05
30 -0.10 -0.97 0.77
34 -0.04 -0.93 0.86
35 0.09 -0.70 0.88
37 0.09 -0.71 0.89
131 -0.60 -1.34 0.14
136 0.32 -0.19 0.83
137 0.08 -0.72 0.87
309 0.20 -0.56 0.95
323 0.62 0.21 1.03
324 0.05 -0.52 0.62
325 -0.19 -1.03 0.65
326 -0.07 -0.90 0.76
327 -0.10 -0.85 0.65
331 -0.19 -1.03 0.65
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Table 13. Multiplicative factors on the odds of rodent predation by individual cougars relative
to the average cat (odds of rodent predation by the average cougar equal 1). 95% confidence
intervals for the odds ratios are included and cougars with significant odds of rodent predation
are indicated in bold.

Cougar ID Odds of Rodent Confidence interval Confidence Interval
predation (low) (high)
4 1.34 0.64 2.79
5 0.80 0.35 1.84
6 0.84 0.39 1.82
8 0.99 0.46 2.12
12 1.05 0.45 2.44
14 0.83 0.38 1.81
17 1.46 0.74 2.85
30 0.90 0.38 2.15
34 0.96 0.39 2.35
35 1.09 0.49 2.40
37 1.09 0.49 243
131 0.55 0.26 1.16
136 1.38 0.83 2.29
137 1.08 0.49 2.39
309 1.22 0.57 2.59
323 1.86 1.23 2.80
324 1.05 0.59 1.86
325 0.83 0.36 1.92
326 0.93 0.41 2.13
327 0.90 0.43 1.91
331 0.83 0.36 1.91
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4. DISCUSSION

Prompted by the findings of Kertson et al. (2011a), Smith et al. (2016), and Moss et al.
(2016a), I predicted that cougars foraging along a wildland-urban gradient in western
Washington would increase their reliance on synanthropic prey species as a positive function of
building density both during and between two study periods. Concurrent with my first prediction,
building density was a significant predictor of synanthrope predation, although individuals
differed markedly in their use of this prey group. My second prediction was repudiated, however,
as the occurrence of synanthropic species in cougar diets actually decreased between study
period 1 and study period 2; by contrast, ungulates were consistently the top prey item over the
course of the study and were used more heavily in study period 2 despite the spread of
urbanization. In general, these results suggest that understanding patterns of individual
variability may be key to predicting cougar population responses to urbanization, and that under
certain conditions cougars may be able to continually rely on ungulate prey even as their
environment continues to experience increases in development. Furthermore, my results suggest
that an adequate ungulate prey base is a key factor in maintaining cougar persistence in wildland-
urban landscapes.

The odds of synanthrope predation by cougars increased with building density,
suggesting that urban areas may alter local prey assemblages for individual cougars, and possibly
cougar predation risk for certain prey species (Faeth et al. 2005, Lapiedra et al. 2017). While the
effect of building density was significant, overall reliance on synanthropic species dropped even
as residential density rose between the two study periods. Instead, differences between
individuals explained most of the observed variation in usage of synanthropes by cougars. It is

possible that these differences among cougars owe to home range arrangement on the landscape,
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suggesting individual cougar diets may have differed simply because of variation in the diversity
of available prey items within their respective home ranges (i.e., because of differences in
“ecological opportunity”; Aragjo et al. 2011). The distribution of kill site locations for cougars
in this study does not provide support for this idea, however. Specifically, M324 and F325, the
dominant killers of synanthropic species during study period 1, had overlapping kill site
locations with M 131, the dominant ungulate killer, and M323, the dominant rodent killer,
respectively. M323 was the dominant male in the study site during study period 1, and it is
possible that differences in the diets of M323, M324, and F325 reflect spatial avoidance of
M323. This may be particularly true for subordinate males, but this possibility remains to be
explored. Additionally, F30 significantly differed from all cougars in study period 2 in her
reliance on synanthropic species despite her kill locations being similar to those of F12 and F34.
Collectively, these results suggest that focal cougars in this study exhibited differences in diet
and responded differently to residential development despite having overlapping home ranges. A
recent review of predator selectivity indicated that many generalist predator populations consist
of individual dietary specialists, with part of the specialization associated with their phenotype
(Packer et al. 1990, Pierce et al. 2000, Saulitis et al. 2000, Gaydos et al. 2005, Rutz et al. 2006,
Field et al. 2007, Cooper et al. 2007, Maniscalco et al. 2007, Pettorelli et al. 2011). Accordingly,
individual specialization is an alternative explanation for the observed variability in synanthrope
usage as a function of urbanization, with responses of particular cougars depending on divergent
prey preferences stemming from inheritance, learning, and/or competition (Araujo et al. 2011).
The odds of ungulate predation by cougars remained relatively consistent across the
wildland-urban gradient, suggesting that cougars were able to maintain similar reliance on

ungulates, particularly black-tailed deer, across the wildland-urban gradient despite potential
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differences in ungulate availability. Individual cougars varied markedly in their use of this prey
group, however, despite ungulate usage being greater among cougars in study period 2.
Interestingly, cougars that exhibited high reliance on rodent (M323) and synanthropic prey
species (F30, M324) differed in their usage of ungulate prey, with F30 relying on ungulates to a
degree similar to the population average, while M323 and M324 both relied on ungulate species
significantly less than the average cougar. By implication, predicting patterns in individual
foraging behavior may not only depend on cougar ID, but prey type as well. The availability of
black-tailed deer throughout the wildland-urban gradient might be tied to urbanization, but
contrary to our expectation of an inverse relationship, low-density development may actually
augment ungulate use of residential landscapes. Hesse (2010) observed that white-tailed deer
(Odocoileus virginianus) and moose (4lces alces) across British Columbia thrive in edge habitats
created by human activity and the establishment of greenways, parks, and planted gardens and
trees. Similarly, Duarte et al. (2015) suggest that edge habitats in residential areas can be
favorable for red deer (Cervus elaphus) and fallow deer (Dama dama) in southern Spain. Indeed,
species richness across a range of taxa tends to be higher in areas with low to moderate levels of
development than in urban centers and preserves (McKinney 2002). This suburban peak is
evident in mammals (Racey and Euler 1982), birds and butterflies (Blair 2001), lizards
(Germaine and Wakeling 2001), and plants (Kowarik 1995), and is often explained using the
intermediate disturbance hypothesis (IDH) whereby moderate disturbance regimes yield a mix of
early- and late-successional assemblages (McKinney 2002). By inference, moderate levels of
disturbance in western Washington may create landscapes in which black-tailed deer are able to
access a diversity of high quality browse while avoiding areas with high amounts of human

activity. In accord with this hypothesis, residential development outside of city limits in western
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Washington often occurs at low densities and is widely dispersed, and it is common for such
areas to contain unique and exotic plants due to cultivation preferences based on individual
choices of homeowners (Henderson et al 1998, McKinney 2002). Moreover, the arrangement of
rural, low-density housing in western Washington has changed little over time, and such
neighborhoods have been shown to reduce the threat of sport hunting toward deer, creating a low
risk and high reward landscape for deer throughout wildland-urban gradients (Storm et al. 2007).
Previous research on ungulate responses to urbanization in Gallatin Valley, Montana also
reported increased nocturnal behavior in both mule deer and white-tailed deer near subdivision
(Vogel 1989, Polfus and Krausman 2012). Behavior changes in ungulate species near dwellings,
coupled with high quality foraging opportunities and safety from hunting offer a plausible
explanation for consistent deer presence in residential areas, and by extension why cougar use of
ungulate prey has not decreased over time.

The odds of rodent predation decreased significantly as building density intensified
across the wildland-urban gradient, and reliance on rodents decreased significantly between the
two study periods. Previous cougar research in western Washington revealed that the majority of
beaver and mountain beaver kills occurred within 100m of water, and that cougars frequently
foraged along strong habitat edges (Kertson et al. 2011). Accordingly, our results suggest that
these areas where cougars target beavers and mountain beavers tend to disappear with urban
development, and are therefore consistent with the idea that increasing urbanization in western
Washington reduces the quality and availability of riparian habitats for cougars near residences.
Interestingly, Kertson et al. (2011a) found that cougars concentrated the majority of their beaver
kills during late winter and early spring (February — May). Beavers in western Washington

provide a relatively low-risk, high reward prey item for cougars because they are abundant in
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riparian ecosystems, lack effective anti-predatory adaptations toward stalking predators, and
provide substantial biomass with weights that often exceed 20 kg (Kertson et al. 2011a). Thus, if
rodents are becoming scarce in residential areas, it is likely cougars will alter their foraging
behavior by prey switching to more available species (potentially ungulates or domestics),
especially between the months of February-May. Individual cougars differed in their use of
rodents, with males exhibiting significantly greater use of rodents than females. M323 was
responsible for a substantial portion of rodent kills during this investigation, and may be the
primary reason for demographic differences in rodent predation. These results suggest that
putative dietary changes are likely to manifest unequally across the population in the study area.
Moreover, M323 was the only cougar in the study area that relied on rodent species more than
the average cat in this investigation. The greater usage of ungulate and synanthropic prey by
cougars when using residential areas implies that any dietary shift at the population level induced
by diminishing rodent habitat through urbanization is likely to be modest.

Changes to cougar diets in response to urbanization have been reported previously. For
example, housing density influenced cougar consumption of small prey (< 20 kg) in central
California (Smith et al. 2016), differential prey use by cougars in western Washington (Kertson
et al. 2011a), and prey switching behavior among cougars in northern Colorado (Moss et al.
2016b). Although Kertson et al. (2011a) noted individual patterns in foraging behavior among
cougars, to our knowledge no study to date has modeled individual differences in the use of
particular prey types along a wildland-urban gradient. In the present study, individual
differences among cougars were a significant predictor of predation on all three prey groups, and
the dominant driver of cougar use of synanthrope and ungulate prey (which were primarily

black-tailed deer). This pattern of individual variation in cougar diets mirrors the individual
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differences in space use documented by Kertson et al. (2013) in the same system. Although
cougars are usually viewed as generalists, the aforementioned spatial overlap of kill site locations
for cougars with markedly different diets suggests that these individual differences are unlikely
to be a product of unique home range characteristics, and instead appear to be a reflection of
individual dietary specialization (Cryan et al. 2012). The generality and causes of this putative
pattern of specialization remain to be determined, but it could allow cougars to partition
resources in wildland, exurban, and suburban landscapes where the occurrence and abundance of
native and non-native prey species is widespread and spatially heterogeneous compared to more
homogenized urban centers (Marzluff 2001, Chase and Walsh 2006, McKinney 2006, Shochat et
al. 2010). It also suggests that cougar population responses to urbanization, and other forms of
human disturbance, are unlikely to be uniform, and therefore, understanding the drivers that
cause individuals to specialize on certain prey types is a key to predicting how cougar
populations will be shaped by anthropogenic landscape modification.

Investigation of cougar predation patterns in western Washington using cluster
methodology allowed for the detection of non-ungulate prey items, but was not without its
limitations (Kertson et al. 2011a). For example, kill site examination through GPS cluster
analysis has been shown to skew detection rates of predation events toward larger-bodied prey in
other large carnivores (e.g., gray wolves, Webb et al. 2008). Additionally, despite similar fix
rates among GPS collars in study period 1 and study period 2 (80-95%), data transmission rates
differed between collar types. The Televilt Simplex GPS collars used during study period 1
achieved 100% data acquisition through the download on demand capability. Full data
acquisition during study period 1 provided adequate opportunities for the detection of predation

events spanning <24 hours (Kertson et al. 2011a). The GPS Plus GlobalStar collars used during
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study period 2, however, frequently had data transmission rates of 60-70%, providing only a
subset of the GPS location data (B. Kertson, personal communication) and potentially weakening
detection of clusters spanning < 24 hours. It is therefore possible, owing to lower detection
probability for small prey, that differences in data transmission between the study periods
contributed to a greater proportion of black-tailed deer predation events in study period 2. The
individual variation in cougar diets revealed here occurred both during and across the two study
periods, however, indicating that the results of this investigation were not simply a function of
methodological variation.
4.1. Management and Conservation

The residential landscapes used by cougars in western Washington often fall outside city
limits, and these areas have undergone limited development as a consequence of Washington
state’s approach to managing urban growth. Specifically, in 1990, the Washington state
legislature passed the Growth Management Act (GMA; Chapter 36.70A RCW), which largely
restricted urban-growth to incorporated townships and cities with the aim of protecting wildlife
habitat. By preserving resource production lands within the study site (Robinson et al. 2005), the
GMA has apparently maintained enough wildland-like habitat characteristics and corridors for
cougars to successfully navigate and forage along the wildland-urban gradient of western
Washington. Indeed, similar political will has apparently benefited large carnivore populations
in Europe. Namely, in 1992 the European Union (EU) adopted the Habitats Directive, a
legislative act that required its state members to make provisions to preserve, protect, and
improve the quality of the environment, including the conservation of wild flora and fauna
(Council Directive 92/43/EEC 1992). Today, the Habitats Directive covers all 20 EU states with

a large carnivore population of at least one species. Accordingly, the average residential density
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in parts of Europe with permanent large carnivore presence is 19 + 69.9 inhabitants/km?, a
density similar to that used by cougars along western Washington’s wildland-urban gradient
(5.251 + 16.974 buildings/km?; Chapron et al. 2014). Clearly, proximity to and connectivity with
large blocks of wildland habitat remain critical for large carnivores occupying wildland-urban
gradients in both the western USA and Europe. Nevertheless, this study and results from Europe
indicate that at least some large predator species are capable of maintaining permanent
populations near human settlement provided that they are safeguarded by environmental policy
and public support (Chapron et al. 2003, Chapron et al. 2014).

Cougars, and large carnivores generally, are controversial species whose management
and conservation are complicated by broader emotional, political, and socioeconomic issues
(Treves et al. 2003, Chapron and Lopez-Bao 2014, Chapron et al. 2014, Ripple et al. 2014). For
example, and much like many other large carnivores (Ripple et al. 2014), cougars are
periodically involved in conflicts with livestock producers, ranchers, and rural residents (Gilbert
et al. 2016). Modeling individual differences in cougar behavior, as I have done with cougar
diets in this study, could aid in mitigating these conflicts by helping to identify individual
cougars that may require closer monitoring in residential areas. By distinguishing individual
dietary tendencies of this species, for example, wildlife managers could not only determine
which animals more frequently use urban areas, but also which animals have greater odds of
perpetrating livestock and pet depredations. Targeted predator management has proven useful in
minimizing livestock depredations by wolves in Montana, Idaho, and Wyoming (Poudyal et al.
2016). Consideration of individual dietary preferences could facilitate a similar approach to
managing cougars that limits lethal removals and other control actions to particular individuals

that chronically depredate domestic species.
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Finally, cougars in Washington, as well as other predators globally, have been, and to a
lesser extent continue to be viewed as troublesome due to safety concerns and predation on
livestock (Campbell and Lancaster 2010, Campbell 2013). Yet, my results indicate that, despite
individual dietary differences, wild ungulates were the dominant source of prey for cougars
across the wildland-urban gradient and in both study periods. This result has two implications for
human-cougar coexistence. One, global livestock production continues to encroach on land
needed by large carnivores, and human-wildlife conflict over livestock depredations is often
exacerbated by the depletion of wild prey (Ripple et al. 2014). In western Washington, cougars
rely heavily on black-tailed deer, so promoting the availability of this prey species to cougars in
urbanizing areas may be a feasible approach to minimizing the depredation of livestock and other
domesticated species. By the same token, minimizing anthropogenic subsidies for deer and
habitat quality near homes could be an effective approach for keeping foraging cougars away
from residences (Kertson et al. 2011a). Two, the frequency of human conflicts with proliferating
large herbivore populations continues to rise in the eastern United States, where cougars are
largely absent (Gilbert et al. 2016). Hence, the recovery of cougar populations in these areas,
including along wildland-urban gradients, could provide socioeconomic benefits to residents by
reducing herbivore abundance and preventing deer-vehicle collisions (Gilbert et al. 2016),
possibly neutralizing the economic costs of co-existing with large predators. The results of this
study suggest that access to native ungulates, particularly black-tailed deer, could be instrumental
in directing cougar foraging toward natural prey, and away from domestic species, along western
Washington’s wildland-urban gradient. Improving tolerance for large carnivores may depend on

demonstrating, as I do in this study, that individual animals may not only differ in their responses
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to anthropogenic disturbance, but that large carnivores may be able to continue to rely on wild

prey in the wake of urban expansion.
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