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ABSTRACT OF THE DISSERTATION

Critical Effects of Urbanization on a Charismatiar@ivore:
Genetic Change, Disease and Toxicant ExposureDasése Susceptibility

in Bobcat Populations in an Urban, Fragmented Leaqoks

by

Laurel Elizabeth Klein Serieys
Doctor of Philosophy in Biology
University of California, Los Angeles, 2014

Professor Robert K. Wayne, Chair

Urbanization has profound ecological impacts teath beyond city boundaries. Obvious
ecological consequences of urbanization includetdiaibss and fragmentation. Anthropogenic
barriers reduce habitat connectivity, impede géme& between populations and accelerate the
loss of genetic diversity in populations due tdtdtrbanization may have also cryptic
consequences such as the effects of human-intrddageants on wildlife populations.
Toxicants are a leading cause of population deé¢tina variety of animal species worldwide and
may directly threaten animal populations by causiimgct mortalities, or indirectly through

sublethal, chronic effects such as reproductiveaimpent, decreased immune competence, and



increased disease susceptibility or emergencegdilation-level impacts occur as a result of
toxicant exposure, genetic consequences may ateomg@any reduced population sizes and
connectivity. These include inbreeding depresdai may increase the probability of population
extinction and the loss of adaptive potential tieaituces the ability of populations to respond to
novel selection regimes. Overall, urbanization @nés wildlife with many novel stressors to
which they must adapt or perish. Urbanization eseasing at an unprecedented pace;
understanding both the obvious and the crypticatisreo wild animal populations persisting near
urban areas will be vital to promoting conservatma the maintenance of global biodiversity.
To address the consequences of urbanization ofifeipbpulations, | focused on a well-
studied population of bobcatisy(hx rufug living in and around Santa Monica Mountains Niailo
Recreation Area (SMMNRA). This region comprise®bection of protected park areas near
downtown Los Angeles. Bobcats inhabiting SMMNRA @&@een monitored by National Park
Service (NPS) biologists since 1996. Within a lawad region of SMMNRA, the NPS has
demonstrated that a major freeway (US-101) act®nigtas a barrier to movement for bobcat
and coyoteCanis latran$ populations, but potentially also as a sociatibarFurther, from
2002-2005, a notoedric mange epizootic associatiddsecondary anticoagulant rat poison
exposure was the greatest source of mortality échts. During this period, the annual survival
rate for radio-collared animals fell by > 50% and?D03 the mange mortality rate reached a high
of 51%. Long-term samples were collected from gapulation from 1996-2012, allowing the
rare opportunity to make direct comparisons befdueing, and after the population decline.
Using these data as a foundation, my research édoms three main objectives. First, |
characterized neutral and adaptively relevant gedetersity in bobcat populations across
SMMNRA in both fragmented urban and protected radtareas. Second, | examined

anticoagulant rodenticide exposure in bobcats agosathern California, contrasting seasonal,
iii



demographic and spatial risk factors in both natamd urbanized areas. Third, | characterized
physiological and immunological parameters in bedbeaross SMMNRA to evaluate the effects
of disease and toxicant exposure on bobcat heahlh urban, fragmented landscape.

| found that two freeways are significant barriergiene flow. Further, the 3-year disease
epizootic, associated with secondary anticoagutzaenticide exposure, caused a population
bottleneck that led to significant genetic diffeiation pre- and post-disease populations that was
greater than that between populations separatesdpyr freeways for > 60 years. However,
balancing selection acted on immune-linked locimythe epizootic, maintaining variation at
functional regions. With respect to anticoagulantenticide exposure, | detected high prevalence
of exposure (89%, liver; 39%, blood) and found fleatindividuals with paired liver and blood
data (N = 64), 92% were exposed most frequentty3accompounds. Prevalence and the amounts
of contaminants were associated with human aasvithat included commercial, residential, and
agricultural development. | found a strong assamiabetween AR exposure 00.25 ppm op 2
compounds and an ectoparasitic disease, notoedngen Finally, | observed that AR exposure
has both immune stimulatory and suppressive eftbatsmay explain increased bobcat
susceptibility to notoedric mange as a result obolt exposure to anticoagulant rodenticides.
Bobcats exposed to ARs had elevated lymphocytespedifically B cell counts, and decreased
percentages of neutrophils. Overall, these daflight that even for free-ranging animals that
are considered relatively adaptable to urbanizatiabitat fragmentation and toxicant exposure
can have profound population level effects thag¢dken the long-term stability of wildlife

populations in an increasingly urbanized landscape.
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CHAPTER 1

Disease and freeways drive genetic changein

urban bobcat populations



ABSTRACT

Urbanization profoundly impacts animal populatitwyscausing isolation, increased
susceptibility to disease, and exposure to toxgartte genetic effects of isolation include
reduced effective population size, increased pdiomaubstructure, and decreased adaptive
potential. Although the consequences of urbaninaie increasingly Il known, to our
knowledge, no previous studies have examined hbanization affects genetic variation at both
neutral and functional loci. | investigate the ughce that urbanization and a disease epizootic
had on the population genetics of bobchigk rufug distributed across a highly fragmented
urban landscape. | genotype more than 300 bolsatgled from 1996-2012, for variation at
nine neutral and seven immune gene-linked micrgat®ci. | predict that urbanization and
disease shape genetic structure and diversitythatdlisease enhances selection at immune
genes. | find that two freeways are significantrieas to gene flow. Further, a 3-year disease
epizootic (associated with secondary anticoaguknpoison exposure) caused a population
bottleneck that led to significant genetic diffeiation pre- and post-disease populations that
was greater than that between populations sepagtethjor freeways for > 60 years. However,
balancing selection acted on immune-linked locimythe epizootic, maintaining variation at
functional regions. Conservation assessments reassty loci that are potentially under
selection in order to better preserve the adaidtential of populations at the urban-wildland
interface. Further, inter-connected regions thataio appropriate habitat for wildlife will be

critical to the long-term viability of animal pomtlons in urban landscapes.



INTRODUCTION

Anthropogenic barriers reduce habitat connectivihpeding gene flow between
populations and accelerating the loss of genetierdity due to drift (Hedrick 2005; Epps al.
2005; Rileyet al. 2006; Keyghobadi 2007; Delaneyal. 2010; Leect al. 2012). In addition,
urbanization may contribute to increased diseapesxe (Bradley & Altizer 2007) that can
cause precipitous population declines (LoGiudice@®®Rileyet al.2007). Genetic consequences
that accompany reduced population size and comitgdaticlude inbreeding depression that may
increase the probability of population extincti@a¢cheret al. 1998; Coltmaret al. 1999;
Keller 2002; Spielmaet al. 2004) and the loss of adaptive potential that ceduhe ability of
populations to respond to novel selection regirhasde 1998; Frankham 2005; Keyghobadi
2007). Yet despite recognition that urban poputetiare vulnerable to reduced genetic
connectivity and population declines, few studiasencharacterized neutral or adaptively
relevant genetic diversity in urban populationst¢Hings & Beebee 1997; Keyghobadi 2007).

Gene regions related to immune function are constparadigms for the study of
important adaptive genetic diversity (Piertney &@t 2005). The major histocompatibility
complex (MHC) and toll-like receptors (TLRS) inckithe most polymorphic families of genes
known, and these genes encode key components eéttebrate immune system (Klein 1986;
Jepsoret al. 1997; Hill 1998; Roackt al. 2005; lwasaki & Medzhitov 2010). TLRs are a catic
component of innate immunity that provide non-sfiegrotection against a variety of disease-
causing organisms (Aderem & Ulevitch 2000; Jane&&edzhitov 2002). MHC genes encode
cell-surface molecules that present antigens defiven parasites or pathogens to T
lymphocytes to initiate innate and adaptive immrasponses (Klein 1986). Both positive and

balancing selection are considered important dsieéigenetic diversity at regions associated



with immune function (Bernatchez & Landry 2003; ey & Oliver 2005; Ferrer-Admetllet
al. 2008; Areakt al.2011). However, studies done in free-ranging ahpopulations have
implicated both drift and selection in shaping &ian at immune-linked loci (Bernatchez &
Landry 2003; Piertney & Oliver 2005; Bollmet al.2011).

To address the consequences of urbanization ofifeibpulation genetics, | focused
on a well-studied population of bobcatyiix rufug living in and around Santa Monica
Mountains National Recreation Area (SMMNRA). Thegjion comprises a collection of
protected park areas near downtown Los Angelesottaptly, previous research has
demonstrated that this population is negativelydoted by urbanization in multiple ways,
namely, through habitat fragmentation (Riktyal. 2006) and increased disease susceptibility
associated with contaminant exposure (Rdegl. 2007). As a result, this population is
appropriate for studying the increasingly widesgreapacts of urbanization on free-ranging
animal populations, the influence of habitat fragtagon on gene flow and neutral genetic
diversity, and the effects of increased diseaseepimbility and a consequent population decline
on immune-related genetic variation.

Bobcats inhabiting SMMNRA have been monitored byiddaal Park Service (NPS)
biologists since 1996. Within a localized regiorSBAMNRA, the NPS has demonstrated that a
major freeway (US-101) acts not only as a baroenbvement for bobcat and coyoahis
latrans) populations, but potentially also as a sociatibarSpecifically, the small percentage of
bobcats (11.5%) and coyotes (4.5%) that succegsiidssed the 101 Freeway were unlikely to
establish territory and reproduce due to hypotleekterritory pile-up on both sides of the
freeway (Rileyet al.2006). As a result, carnivore populations sepdratethe US-101 were

significantly genetically differentiated, althoutitey were separated by < 1km (Riktyal.



2006). The 101 Freeway has also been shown to lepntant barrier to gene flow for other
species including side-blotched lizardlig stansburian® western fence lizardS¢eloporus
occidentali3, western skinksRlestiodon skiltonianysand wrentits Chamaea fascia)a
(Delaneyet al.2010). Taken together, these findings suggestutianization, and particularly
major freeways, can severely interrupt gene flow irariety of taxa.

In addition to creating barriers to dispersal aadegflow, urbanization has negatively
impacted the SMMNRA bobcat population through iase disease susceptibility. From 2002-
2005, a notoedric mange epizootic associated witbredary anticoagulant rat poison exposure
was the greatest source of mortality for bobcatkeyret al. 2007). During this period, the
annual survival rate for radio-collared animals il > 50% and in 2003 the mange mortality
rate reached a high of 51%. Long-term samples watected from this population from 1996-
2012, allowing the rare opportunity to make dir@atnparisons before, during, and after the
population decline. Furthermore, samples were magently collected throughout SMMNRA
from populations experiencing varying levels of itattfragmentation and isolation, allowing me
to examine whether barriers to gene flow (e.g. omiieeways) accelerated the genetic
consequences of a population decline associatéddrgéase.

To address the effects of urbanization on genetrsity in a highly mobile carnivore, |
genotyped approximately 300 bobcats at nine neatrdlseven microsatellite loci in or near
immune-related genes. Specifically, | investigated/ freeways and a population decline
associated with disease influenced population tswlastructure, and differentiation. In addition,
| characterized the role of selection as a redudisease and genetic drift on immune-related
genes in populations separated by urbanizatiorfraedvays. The use of microsatellite loci

linked with immune regions enabled me to deterntireeinfluence of disease and urbanization



on a variety of immunologically important loci. Foer, my use of both neutral and immune-
linked microsatellite loci enabled me to determivieether habitat fragmentation, urbanization,
and the disease outbreak and subsequent poputiaine differentially affect functional versus
neutral genetic diversity.

| predicted that major urban barriers (e.g., fregsyampede gene flow and promote
population isolation and genetic drift; consequerdbpulations separated by freeways should be
highly differentiated at neutral loci. In additidmypothesized that the population decline
associated with the disease outbreak should enlgamegic drift; thus, samples collected after
the disease outbreak were expected to show redyesestic diversity at neutral loci compared to
samples collected before the disease outbreak anttiee genetically differentiated from each
other. With respect to immune-related loci, | expddhat heterogeneity in disease prevalence
and in the severity of population isolation wowdd to differential patterns of selection and
genetic drift. Specifically, | predicted that thegulation severely impacted by disease would
experience directional or balancing selection ahumnologically important genes, as genetic
variation at these loci may confer resistance sease (Schroder & Schumann 2005; Froeschke
& Sommer 2005; Barreiret al. 2009; Savage & Zamudio 2011; de Assunc¢ao-Frahed
2012). Balancing selection would be expected tantaa or enhance variation across a
bottleneck whereas directional selection would cedgenetic diversity. However, for
populations with a high degree of isolation or teeted by disease, | predicted that genetic drift

may be the critical driver of genetic variationramune-linked loci.



METHODS

Study area and sample collection

Bobcats were sampled in and around Santa Monicanbms National Recreation Area
(SMMNRA, Fig. 1.1) in Southern California. The sjuarea is comprised of more than 620°km
encompassing large regions of continuous habitét mvinimal urban development, as well as
highly fragmented areas that extend east throughArmeles. The area straddles two major 8- to
10- lane freeways, US-route 101 and Interstate-d@route 101 (the Ventura Freeway) was
established in 1949 and has been demonstratedngyig@nalyses to be a significant geographic
and social barrier for bobcat and coyote populati®ileyet al. 2006). Route 1-405 was
established in 1962 (www.cahighways.org) and istiest travelled highway in the country with
more than 370,000 vehicles daily (www.fhwa.dot.gd¥any secondary roads are also found
throughout SMMNRA. Human land uses within SMMNRAlunde commercial and residential
development and altered green areas such as go¥e

Bobcats sampled from SMMNRA were classified as hgilog to one of three geographic
regions: 1) highly fragmented habitat east of I-408 including an area east of the 101 Freeway
in Griffith Park sampled from 2010-2011 (E405 patian); 2) a region west of the 1-405 and
south of the 101 Freeway (S101 population) thduges most of the Santa Monica Mountains
and comprises largely undeveloped protected patkitaersected by secondary roads and
pockets of urban development; and 3) an area wdithe 101 Freeway (N101 population)
consisting largely of habitat patches interspergit roads and development (Fig. 1.1).

From 1996-2012, long-term bobcat sampling occuimettie N101 region, as well as in
Malibu Creek State Park (Fig. 1.1, MCSP), an isalatubset of S101 as previously described

(Riley et al.2006). From 2002-2005, an epizootic of notoedramge associated with secondary



anticoagulant rodenticide exposure occurred prignaonrth of the 101 Freeway, causing a sharp
population decline during the latter half of thezeptic (Rileyet al.2007). Bobcats were

sampled before, throughout, and after the mangmetic, and consequently, analyses described
below were primarily conducted on two putative NJ@pulations. The first population included
animals sampled before and during the mange epez(@¢101 before/during mange) from 1996-
2005. These two periods were grouped because tggenetic consequences of the disease
outbreak to occur after the population decline graharily occurred during 2003-2005. The
second population consisted of animals sampled thigemange epizootic (N101 post-mange)
from 2006-2012. Thus, a total of four putative plagions for this study included E405, S101,
N101 before/during mange and N101 post-mange.

Sample collection across all regions consistedaddy tissue or buccal swabs obtained
by capturing animals or opportunistic tissue olgdipostmortem from carcasses discovered in
the study area (Table A.1, Appendix). Fresh saaipdas were opportunistically collected during
trapping seasons. Bobcats were captured with padad¢abold traps (1996-1998) and cage and
box traps (2000-2012) as in Rileyal.(2006). Once captured, animals were aged, sexed,
weighed, measured, ear-tagged, and for a subsgimofls captured by NPS biologists, they
were also radio-collared. All animals were theraskd at the capture site. Animal capture,
handling, and sample collection protocols were apgd by the Office of Animal Research
Oversight of the University of California, Los Arlge (Protocol ARC#2007-167-12). Protocols
underwent extensive review in order to minimizenaadistress and suffering. Scientific
collecting permits were authorized through CalifarBepartment of Fish and Wildlife (SC-

9791).



Genotyping

DNA was extracted from tissue, blood, and buccallswsing the QlAan® DNA Mini
Kits (Qiagen) and from fecal samples using QIA&IPNA Stool Mini Kits (Qiagen) according
to the manufacturer’s protocols. Individuals weeagtyped using nine supposed neutral
dinucleotide microsatellite markers (FCA008, FCAORBA026, FCA043, FCA045, FCAQ77,
FCAQ090, FCAQ096, and FCA132) developed for the ddimeat (Menotti-Raymonet al. 1999)
and previously used in bobcat studies (Ereési. 2000; Rileyet al. 2006). To ensure accurate
genotypes of lower quality fecal DNA and to preveomtamination with higher quality tissue
DNA, polymerase chain reactions (PCR) for scat daswere performed on 96-well plates
separately from those used to genotype tissue gsmpb ensure accurate genotype calls, fecal
samples were genotyped multiple times. Heterozygmtisvere confirmed with at least one
additional amplification, and homozygous loci waraplified a minimum of three times. When
consistent results could not be achieved for spdai€i after multiple amplifications, the single-
locus genotypes were treated as missing data. éatyseamples with more than two loci of
missing data were excluded from analyses. Samipgedaid consistently poor amplification
across multiple loci, or suspected contaminationp(éication of > 2 alleles), were removed
from further analyses.

To assess the influence of urbanization and diseagatterns of genetic diversity at
regions of functional importance, samples were glmwtyped at seven immune-related
microsatellite loci. | chose five MHC regions fouad chromosome B2 in the domestic cat
(Becket al. 2005) that included a Class I locus (FLA1) and fGlass Il loci (DRAL, DRB1,
DRB3, and DRB4). Additionally, two toll-like receptassociated loci were chosen (TLR3 and

TLR4) using the cat genome assembly version Fel€aiatiuset al. 2007). Previous studies



have set an empirical precedent for the use ofasatellites linked with immune regions, or
other functional regions, to measure selectionfaness effects in a variety of taxa (e.g. Ammer
et al. 1992; Ellegreret al. 1993; Schwaigeet al. 1994; Aguilaret al. 2004; Acevedo-
Whitehouseet al. 2006; Santucaet al. 2007; Bank®t al. 2009; Tollenaeret al.2012). The
reliability of microsatellite variation to indicatariation at the MHC has been verified
empirically, and in the absence of selection, Ivada properties to microsatellites in neutral
regions (Boyceet al. 1997; Moghaddarat al. 1998; Tollenaeret al.2012).

| used MSATCOMMANDER (Faircloth 2008) to designmars (Table A.2, Appendix)
for the amplification of immune regions. The pragranables rapid microsatellite repeat
detection based on motif-matching with a specuser-defined DNA sequence. The program
also allows rapid and automated design of locusiBp@rimers and 5’-tailing primers. Primers
designed using this program were validated with elstia cat DNA and tested for polymorphism
and amplification efficacy with bobcat DNA. Patterronsistent with a single locus were
observed in all amplifications.

Genotypes were obtained by PCR amplification olL&lloci as in Rileyet al. (2006).
Briefly, PCRs utilized either a fluorescent dyedbdual forward primer, or a hybrid combination
of forward primers consisting of the published fard/ primer with the M13F (-20) sequence
(16 bp) added to thednd and a fluorescent dye labeled M13F (—20) priffilee unlabeled
reverse primer was used in both cases. EstabliB@@dconditions were used for the hybrid
combination primer (a two-step cycle; Boutin-Gareehal. 2001). Primer dye-labeling utilized
BeckmanCoulter dye D4 and PCR products were sindti@BeckmanCoulter CEQ2000XL

DNA Analysis System (Rilegt al. 2006).
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Validating and characterizing microsatellite data

Deviations of each locus from Hardy-Weinberg edpulim (HWE) and linkage
disequilibrium were tested using GENEPOP version(Raymond & Rousset 1995). Each
marker pair was tested for linkage disequilibriunthvm each population, and because > 100
comparisons were made, | corrected the criticaleyabrresponding te = 0.05 for 104
comparisonso( = 0.0005) (Rice 1989). Global tests of heterozggt#ficit and excess were
conducted for each population, as well as for éacls within populations, and because 32 tests
were conducted per population, | corrected for ipldttests ¢ = 0.003. Genotyping error and
null alleles were evaluated using MICRO-CHECKERN(¥@osterhout & Hutchinson 2004)
across all loci for all individuals as well as tae four putative populations. MICRO-CHECKER
tests not only for the presence of null alleleg,dan also distinguish between scoring errors due

to large-allele dropout or stuttering.

Genetic Diversity

ObservedHKlo) and expectedHg) heterozygosities (Nei 1987) were calculated using
CERVUS (Marshalkt al. 1998). Per locus allelic richnes&g} (Mousadik & Petit 1996) and the
inbreeding coefficientHs) were estimated using FSTAT 2.9.3 (Goudet 19983timated-s
significance for all loci and all populations usig0 randomizations in FSTAT 2.9.3. Data were
tested for normality using the Shapiro-Wilke téstross population differences for each
measure were tested either with a Kruskal-WalliaHOVA, while pairwise comparisons were
calculated with Mann-Whitney astests ¢ = 0.05). Because theory predicts changes in
heterozygosity when a significant population deeliccurs, allelic richness, observed and

expected heterozygosity, and the inbreeding caoeffiavere also tested for differences between
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the N101 before mange (1996-2001) and the N10tmasige (2006-1012). Genetic diversity
values for the N101 population before, during, aftdr the mange epizootic are presented in the
Appendix (Table A.3). The significance of differesovas tested with Wilcoxon-rank sumt-or
tests ¢ = 0.05). All across group and pairwise analyseewenducted in R (R Development

Core Team, 2012).

Demography

| obtained estimates of effective population sidg across populations using a linkage
disequilibrium (LD) method (Waples 2006) implemehie LDNe (Waples & Do 2008), a bias-
corrected estimator of effective population sizee TD method takes advantage of the principle
that as effective population size decreases, gedstt and limited reproduction generate
nonrandom associations among alleles at diffeamt(Hill 1981; Waples 1991). To evaluate the
fine-scale temporal impact of the disease outbozathe effective population size over ting,
for the N101 population was measured in 1-2 yeereiments, depending on the number of
animals captured yearly such that all N > R0=(26; Table 1.1). The program is reported to
perform well in non-ideal populations (e.g. skewged ratio, nonrandom mating, or small
sample sizes). Waples (2006) found that for smahlenple sizes (N = 10 or 20), the
performance of the program was nearly equivalethabfor sample sizes of N30.

| used two methods to test for evidence of a germtitleneck across all sampled
populations and years. Using the neutral loci, pryed BOTTLENECK 1.2.02 (Cornuet &
Luikart 1996; Piryet al. 1999) to test for significant heterozygosity exxcesmpared to
mutation-drift equilibrium expectations for a stlpopulation. Extreme population reductions

result in a disproportionate loss of rare allelet tontribute relatively little to expected
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heterozygosity. Consequently, for a recently bo#tked population, there will be a transitory
excess of observed heterozygosity compared wittpalgtion at equilibrium with the same
number of alleles (Cornuet & Luikart 1996). As abpldivided N101 samples into 1-2 year
increments (all N > 2Qy = 26). Cornuet and Luikart (1996) suggest a mimmaample size of
20 diploid individuals to achieve a reasonably higigree of power in bottleneck tests. | tested
each subset for heterozygosity excess. For the MpRlation subset of S101, | also tested for
heterozygosity excess during 1996-2001 (N = 30)20@6-2012 (N = 26) to determine if a
population bottleneck occurred regionally acrogsstudy area or was isolated to the N101
population. | ran 1,000 iterations of the two-phasmdel (TPM) recommended for microsatellite
data, with a variance)fg) of 12 and 90% single-step mutatiops< 90%) (Rienzo 1994;
Brinkmannet al. 1998; Piryet al. 1999; Garza & Williamson 2001). Recently, Peetral

(2012) suggested experimenting with alternativepeaters when calculating bottleneck tests,
and specifically testing ups= 78%, because this value represents the meanagstofisingle-
step mutations in vertebrate studies. Thus, | t@sted for heterozygote excess using this
alternative parameter. To evaluate significaneesseld the Wilcoxon signed-rank test
recommended for polymorphic microsatellite datay(Bt al. 1999).

In addition, | tested for a bottleneck signaturmmgssarza and Williamson’s M-RATIO
method implemented in the program M_P_VAL (Garze&W#liamson 2001). The approach
calculatedM, the mean ratio of the number of alleles to rangalele size, which can be used to
detect reductions in effective population size. baitlenecked populations, the range in allele
size will decrease more slowly than the numbeilefes lost during a reduction in effective
population size. In this cagé, ratios will be smaller than 1.0, and for populatdnown to have

undergone a significant decline in effective popatasize, the approximate valueMfis< 0.70
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(Garza & Williamson 2001). | used the parameteggssted by Garza and Williamson for the
proportion of single-step mutationss € 90%) and the average size of multi-step mutat{ags
3.5). As above, | also testpg= 78%. The results of the 90% single-step mutatsis for both
M-ratio and BOTTLENECK are presented in the Apper(diable A.4). Garza and Williamson
(2001) recommend that sampling approximately 2%odipndividuals is sufficient for most
vertebrate populations, although they indicate tiwrtte are no clear guidelines for determining
an adequate sample size. | tested four criticalesabfd (4Ne) based on a range of effective
population size estimates calculated for bobcatfadipns in the study area using LDNe as
described above. These values corresponded Witlob25 (¢ = 0.05), 50 ¢=0.1), and 150(

= 0.3), with a fixed mutation rate:)( of 5 x 10* per locus per generation. Statistical significance

of the M-ratio was evaluated with 10,000 iterations

Population structure and genetic differentiation

| investigated the number of genetic clusters atiinated levels of population
differentiation geographically and temporally usmegptral and immune-linked loci separately. |
applied two Bayesian clustering methods that uskiloaus genotype data to infer population
structure and assign individuals to populationdRBCTURE 2.3.4 infers population
assignments without argypriori assumptions about sample location (Pritcledral. 2000). |
also used Geneland 4.0.3 that utilized sampleilmtsiand genotype data in a spatial statistical
model to infer the number of genetic clusté} @s well as the spatial distribution of, and
genetic discontinuities between, assigned populat{Guillotet al. 2005).

Using STRUCTURE, I first inferred the number of gaa clustersK) without anya
priori assumptions about the sample location. | performaxderous trials with a minimum of 3
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independent runs and with a burn-in period of 50,®érations followed by 500,000 MCMC
cycles each to evaluate the behavior of the progidma stability of the inferred clusters was
then evaluated using 10 independent rur§ atl-10 with a burn-in period of 50,000 iterations
follold by 500,000 MCMC cycles. Next, for the higlidikelihoodK value, | evaluated the
cluster assignment results for each individual watspect to its capture location, performing
analyses with prior information as previously déssu (Rileyet al. 2006), and | report these
results (Fig. 1.2a-c, Fig. A.1la-c, Table A.5, Apge. | examined both raw probability values
of LnP(K) and theAK estimate (Evannet al. 2005) using STRUCTURE HARVESTER (Earl &
vonHoldt 2011) to help identify the most likely nber of genetic clusters given geographic and
temporal data. | used CLUMPP 1.1 (Jakobsson & Rasgn2007) to align the multiple
STRUCTURE replicates.

STRUCTURE was also used to examine how diseaseteff@opulation turnover in the
mange-affected population. As a result of ongoiNadio-telemetry studies in the N101 area
(Riley et al.2003; 2010; NPS unplubl. data), yearly survivdahdar all radio-collared
individuals was available. Using these survivabdagrouped individuals into two-year
increments, corresponding with the 2-year genardtioe estimated for bobcats (Kniekal.
1985). Each time increment included all animals e known to be alive during that time
period. If individuals were alive for more than twears, they were represented in each time
increment they were known to be alive. Using thadified dataset, | performed STRUCTURE
analyses as described above.

Finally, l used STRUCTURE to perform assignmenitstés identify potential migrants
within the dataset. Genetic assignment tests camtifgt the population of origin for each

individual, and individuals that are assigned fmpulation different than the one in which they
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were captured are considered potential migrangs Berryet al. 2004). | modified the
STRUCTURE input data file to reassign individualgheir putative population of genetic origin
based on the cluster assignment results (see doeRal. 2006). Briefly, | calculated the
posterior probability of correct population assigamnwith the revised data set using the ancestry
model with admixture, incorporating population infation with the migration parameter set to
v = 0.1. Individuals were considered migrants ditlassignment probabilities and posterior
probabilities were greater than 50% to a populatiifierent than the one in which they were
captured. Majority-rule assignments were thus wsedentify migrants, and to determine
population or origin. This approach may be mislagdibout the source population of migrants
if individuals derive from unsampled populationgwéver, previous studies showed through
radio-telemetry or mark-recapture observationsttiatprocedure often correctly deduces the
population of origin if adjoining populations ar@nspled (Berryet al. 2004; Rileyet al. 2006).

| used Geneland (4.0.3; Guillet al. 2005) to examine spatial and temporal patterns of
genetic discontinuities across the landscape. Becgenotypes used by the program are
georeferenced, | created two data sets to medseigotential temporal difference in population
structure across samples collected over the lomg-tin addition to examining potential
anthropogenic features that were related to gedet@ontinuities, | was also interested in
whether the disease outbreak influenced genetoudisuities. Therefore, | assessed two
datasets that included: 1) all bobcats sampled 2666-2012 (E405, S101, and N101post-
mange [Fig.1.1]); and 2) bobcats sampled from E&85S101 during 2006-2012 and bobcats
sampled in N101 pre-mange (1996-2001). In bothsg#s$al also included 10 individuals from
the Moorpark satellite population (MRPK, Fig. 1sBmpled from 2010-2011 to determine

which N101 population they assigned to. For ea¢asdd, | ran 500,000 iterations with a
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thinning of 100 andk = 1-10. This test was done 5 times with each éatasevaluate the
stability of the most likelyK. Migrants could influence genetic discontinuitedsng the
landscape as inferred by Geneland. Thereforefdddbhe above datasets with 1) all individuals;
and 2) without the observed 4 migrants identifigdSBRUCTURE (see results).

Finally, to examine the impact of disease and udmrelopment on genetic
differentiation, | estimated pairwig&r using FSTAT 2.9.3.2 (Goudet 1995). The uségf
however, has been recently criticized (Jost 20@8ted & Siegismund 2009), and so | also
calculated an alternative estimator of populatidfeentiation, Qs((Jost 2008) using the
program SMOGD (Crawford 2010)..Pmore accurately accounts for differences in aleli
diversity thanFsy particularly for highly polymorphic microsatellitearkers (Heller &
Siegismund 2009). & was calculated with 1,000 bootstraps for each srazlass. To test the
significance of overall B;values for neutral and immune-linked loci acrdsp@pulations, and
the per immune locus values in the N101 populatiomscted by disease, | computed
probabilities using 999 permutations in GenAlex @bakall & Smouse 2012). For comparison

to previous publications, | provide between popalaFsrvalues in the Appendix (Table A.6).

Relatedness

| calculated individual pairwise relatedness (Rhgghe program Maximume-likelihood
(ML)-Relate (Kalinowskiet al. 2006) for each population using neutral locialcalated the
mean relatedness per population and compared tae ralatedness across populations using an

ANOVA, and between population pairs usiAgsts.
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Tests for Selection

| evaluated the role of selection in shaping immblimieed loci variation. | used per locus
Destfor each of the total 16 neutral and immune-link@drosatellite loci and calculated pairwise
comparisons between the two classes of markesafdr population pair using Mann-Whitney
tests. By comparing the level of divergence deriveth the neutral and immune classes of
markers, it may be possible to detect whether sele(balancing or diversifying) is acting on
immune-linked loci, or whether drift dominates thteserved patterns of variation (Piertney &
Oliver 2005).

Additionally, for each population pair, | evaluatibg deviation from neutrality for all
immune and neutral loci using Beaumont and Nichetist2 method implemented in LOSITAN
(Beaumont & Nichols 1996; Antagt al. 2008). This approach evaluates the relationship
betweerFstand expected heterozygosity under an island mddalgration with neutral
markers and can potentially identify loci underipes or balancing selection. Outlier loci that
have excessively high or lolstcompared to neutral expectations are considereshpally
under selection. For each population pair, | cdraet 100,000 simulations using composite

neutral and immune genotypes, assuming a stepwisaion model.

RESULTS

Bobcat sampling

| obtained 287 blood and tissue samples from |setwered bobcats from four putative
bobcat populations (E405, S101, N101 before/dumagge and N101 post-mange) from the
period 1996-2012. Opportunistic samples were ctbpostmortem from 39 mortalities from

1996-2012 and 39 scats were collected from 200&-2Q1otal of 365 samples (live-trapped,
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mortalities, and scat) were used for genotyping éutral loci. Given limitations on my budget,
| was only able to genotype 299 individuals usimg $even immune-linked loci that were live-

trapped or sampled postmortem (Table A.1, Appendix)

Microsatellite characterization and validation

Of 365 samples genotyped at 9 neutral loci, 3%d@d missing for 1 locus, and 1 scat
had data missing for 2 loci. Of 299 samples geredysing 7 immune-linked loci, 3% had data
missing for 1 locus, and no samples Ire missing é@tmore than 1 locus (Table A.7,
Appendix). Five neutral and 6 immune-linked locogled evidence of null alleles, although no
loci exhibited evidence of null alleles acrossfaillr populations, and thus the evidence of null
alleles were likely due to population structurel{les A.8-A.9, Appendix). No genotyping errors
or allele dropout were observed.

Forty-three out of 480 pairs of neutral and immiinked loci demonstrated significant
linkage disequilibrium (LD) after correction for thiple tests. None of the 144 neutral pairs of
loci were in significant LD across all populatioasid thus the observed significant LD values
were likely due to population structure. Eleveri40 pairs of immune-linked loci showed LD,
with three MHC class Il gene pairs (DRB3 and DRBRB1 and DRAL; DRB4 and DRB1) in
LD across the four bobcat populations. DRB and DRass Il genes are found within 18.3 Mb
of each other on chromosome B2 and have relatedifuns. Specifically, DRB1 and DRB3 are
separated by 24 kb, DRB1 and DRB4 are separat@® lp, and DRB1 and DRA1 are
separated by 18.3 Mb. Consequently, because tkegknof these loci may have influenced the
results of our analyses, | performed the tests anith without DRB1, and found no apparent

change in the results or significance tests (Tahl&sA.10-A.11, Fig A.1.b, Appendix).

19



Seven neutral and three immune-linked loci shovigifscant deviation from Hardy-
Weinberg equilibrium, although none deviated fraqmikbrium across all four populations
(Table A.12, Appendix). Significant heterozygotdiciencies were observed for immune
markers including FLA1, DRB1, DRB3 and TLR3 and tneumarkers FCA026, FCA090, and
FCAO086, although not consistently across all foppydations (Table A.13, Appendix). Three
immune-linked loci (DRB1, DRB3, and TLR3) were oh&s to be heterozygote deficient in
N101 before/during mange, but were not deficieli®1 post-mange, potentially as a result of
balancing selection acting on those loci. Heterorg@xcess was not observed for neutral or
immune-linked markers for any population. For immimked markers, a lack of heterozygote
excess suggests that ongoing strong selectionifaybeterozygotes does not contribute

materially to maintaining variation at these loci.

Genetic diversity

All loci were polymorphic with 6-15 alleles obsedvper neutral locus and 3-10 alleles
observed per immune-linked locus. Observed hetgasity Ho) ranged from 0.55 to 0.72 for
neutral loci, and 0.60 to 0.65 for immune-linkedilfrable 1.2; Table A.14, Appendix).
Expected heterozygosityf) ranged from 0.64 to 0.73 for neutral loci andir6.63 to 0.71 for
immune-linked loci. Mean per locus allelic richné8g) ranged from 5.22 to 6.88 for neutral
markers, and 4.71 to 6.21 for immune-linked mark€eble 1.2; Table A.15, Appendix). Allelic
richness * = 6.93,P neurar= 0.07;F3.13= 0.97 Pinmune= 0.44), observed heterozygosif 7 =
2.60,Preutra = 0.09;%%= 1.43,Pinmune= 0.70), and expected heterozygosiy=(7.08,Pneutral =
0.07;F3,13= 0.94,Pimmune= 0.45) did not significantly vary across the f@apulations for either

class of marker. These measures also did not gignify vary for immune-linked loci when
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DRB1 was excludedHo: F311= 1.04,P = 0.41;Hg: F311= 0.43,P = 0.73;Ar ¥°= 4.59,Preutral
= 0.20) However, values for each diversity measure andaémarker Were lowest in the most
isolated, fragmented eastern population of bob@t65), likely as a result of reduced gene flow
across the 1-405 and complete isolation of the fagfmn from source populations other than
S101 (Fig. 1.1). For pairwise comparisons betwaerN101 before mange (1996-2001) and
post-mange (2006-2012) populations (Table A.3, Apipg, Ho was significantly lower after
the mange outbreak for neutral logsE 2.33,P = 0.03), though not for immune-linked loci.
AlthoughHg andAg did not differ significantly after the disease longtak for neutral or immune-
linked loci, neutraHg andAr Were lower post-disease epizootic (Tables 1.2 ahdMpendix).
A loss of>1 rare allele occurred after mange for all nedteil with the exception of FCA043.
The inbreeding coefficienE,s, differed significantly across the four populasdor
neutral loci %= 14.92,P = 0.005), although not for immune-linked loci whested using all 7
loci (F315=2.05,P = 0.15) and when DRB1 was excludéd {3= 1.15,P = 0.37) (Tables 1.2
and A.10, Appendix). However, the range@fvalues for both classes of loci was similar
(neutralFs = 0.01-0.14; immuné&s = 0.02-0.14), and thus the lack of significanteténce
across the four populations for immune-linked lmay be due to insufficient polr or Type Il
error. Neutral locFs values Were significantly different from zero 405, S101, and N101
post-mangeR = 0.001 for each population), while immulig values Were significantly greater
than zero for S101 and N101 before/during maige 0.002 for each population). NeutFa
pairwise comparisons between E405 and N101 befmiaeffimange, and N101 before/during
mange and post-mange, differed significantly € 2.82,P = 0.02 and;; = 2.83,P = 0.01). The
E405 neutral inbreeding coefficigiiis = 0.14; SE = 0.05) was the highest of the four

populations and was fourteen times greater thariNv&@ore/during mangé-s= 0.01; SE =
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0.02), the population with the lowdsg. The inbreeding coefficient measured with nedtei
increased ten-fold for the N101 population postdse fj; = -2.83,P = 0.01) (Table 1.2)
compared with before the disease outbreak.

Relatedness (Table 1.2) was significantly differ@eross the four populationSs(;3; =
3.21,P < 0.001). Within population relatedness was highf@sN101 post-mange (R = 0.09; SE
= 0.003) and E405 (R = 0.09; SE = 0.004) while Istfer S101 (R = 0.08; SE = 0.001) and
N101 before/during mange (R = 0.08; SE = 0.001pdmwise comparisons, E405 was
significantly higher than S101,04= 3.57,P < 0.001) and N101 before/during mangest =
3.83,P < 0.001). S101 and N101 before/during mange haudfgigntly lower R compared with
N101 post-mangdf73=-3.99,P < 0.001 andy333= 4.22,P < 0.001). Relatedness did not
significantly differ between E405 and N101 post-g&fso7s = -0.6435P = 0.52) or S101 and
N101 before/during mangé&4o40= 0.67,P = 0.50). The significant results reflect the high
number of individual pairwise relatedness obseovetibut the relatedness values are very
similar. Thus, the biological significance of th&erences is questionable. However, the higher
relatedness value for E405 may be a consequermapafation isolation while the increase in
relatedness in N101 post-mange is consistent wikhpallation decline as a result of the disease

outbreak.

Demography

For neutral markers, using the program BOTTLENEC#etected significant
heterozygote excess in the N101 population frond228@5 P = 0.007) and 2006-200® &
0.02) using both 78 and 90% single-step mutatioamaters, evidence that a bottleneck

occurred as a result of the disease outbreak ($dbBand A.4, Appendix). | also detected a
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deviation from the expected L-shaped allele distrdn for neutral loci in 2004-2005 indicating
that a significant shift in allele frequencies oted as a result of the population decline. | did
not detect heterozygote excess for any other ptpala

| additionally tested for population bottlenecksngsGarza and Williamson®l-ratio test.
M-ratios ranged from 0.67 to 0.89 for neutral lamicss all populations and years (Tables 1.3
and A.4, Appendix). | detected a bottleneck inki®1 population during years 2004-2005 (M
= 0.69), 2006-2008 (M = 0.71) and 2009-2012 (M &79.

The effective population siz8l, for bobcats found north of the 101 Freeway (N101)
before mange was 47 (95% CI: 25.9-130.7) individuhiring 1996-1998 and 17.6 (95% CI:
12.1-27.6) individuals during 2000-2001. During fimal years of the mange outbre&lwas 9
(95% CI: 5.6-13) individuals, the lowest value asall sample year increments (Table 1.1).
Although the effective population size estimatesgehaverlapping confidence intervals across
most years for the N101 population, the declintheeffective population size during the mange
outbreak is consistent with field observationsesfér bobcats in N101 as a result of the disease
outbreak. For bobcats east of the 1-405 (E405)effextive population size was estimated to be
34.4 (95% CI: 21.8-61.2) between years 2010-20bil@ning all bobcats captured south of

thel01 Freeway (S101) from 1996-200R was estimated to be 97.7 (95% CI: 71-143.6).

Population assignments and genetic differentiation

| used the Evanno method (Evaretal. 2005) to infer the optimal number of clusters in
STRUCTURE. TwoK = 2) population clusters had the highest postgmiobability
assignments for neutral loci (Table A.5, Appenditdwever, population clusters resolvedat

= 4 corresponded better with our geographic anghteat knowledge of bobcat substructure (Fig.
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1.2a). In fact, Evannet al. (2005) caution thatK may be used to help identify the correct
number of clusters in most situations but thahdwd not be used exclusively. Partial sampling
of individuals in a population has been shown talleo a loweAK than the true value, and for a
cryptic species such as the bobcat, complete popualsampling would not be feasible. Evanno
et al. (2005) suggest thaK should be considered in conjunction with other iinfation
provided by STRUCTURE such as individual assignnpatiterns. Moreover, Geneland resolved
population assignments concordant with the fouegertlusters determined in STRUCTURE
(Fig. 1.2d-g). Geographically, populations fromb&TRUCTURE and Geneland included
individuals captured east of I-405 (E405), soutthef 101 Freeway (S101), and two clusters
north of the 101 Freeway (N101) divided temporallge first N101 population included
individuals sampled from 1996-2005 (STRUCTURE) 898-2001 (Geneland) in the mange-
affected region, along with the Moorpark sateljteup of individuals (N = 10) sampled
northwest of the mange-affected region in 2010-20h& second population north of the 101
Freeway included all animals sampled post epizq@006-2012), with the exception of the
Moorpark individuals that clustered with N101 befoluring mange population. Based on
assignment probabilities and posterior probabdibégreater than 50% (Table A.16, Appendix),
only one bobcat captured in N101 genetically agsignith the S101 population, while 3
bobcats captured in S101 genetically assigned @5 E4

When STRUCTURE was used to examine population tuenim N101 based on survival
of individuals over two-year increments, two clustK = 2) were resolved (Fig. 1.2b, Table A.5,
Appendix). A clear, progressive pattern of genttraover is present suggesting that the
population was reestablished by a small group ehdiers that originated from the N101

population.
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Both freeways and disease influenced populatidierdintiation (Tables 1.4 and A.6 and
A.11, Appendix). Using neutral markers, all paireviomparisons of & (Table 1.4) showed
genetic differentiation between populationg4B 0.06 - 0.12) with a globald= 0.10. All
probability calculations for neutralsRwere significant aP < 0.001. The greatest.[values
were observed between the E405 and N101 populatiansre geographically separated by two
major freeways. For the N101 before/during mangeMb01 post-mange populationgsB- 0.

08, a value greater than for those populationsragghby a major freeway (Table 1.4).

Using immune markers, all pairwise comparisons Qf [@able 1.4) also showed genetic
differentiation between populationsdd= 0.02 - 0.17) with a globald3= 0.09. All probability
calculations for immune fwere significant aP < 0.002. Using immune markers, overall
genetic differentiation between populations wasdsbetween N101 before/during mange and

post-mange (R:= 0.02) and highest between E405 and N101 posgen@xs;= 0.17).

Tests of selection

Given the significant R values, | was surprised that using STRUCTURE aedetand,
no clear population structure was resolved whetedessing immune-linked loci (Fig. 1.2c, Fig.
A.1, Appendix), though ourdt values are considered borderline for resolvingutetjon
structure using STRUCTURE (Pritchaetlal. 2000). However, population subdivision should be
less for markers under balancing selection becalde greater effective migration rate of
alleles (Scheierupt al. 2000). Therefore, these findings suggest that ime¥linked loci may
under balancing selection. Alternatively, the alegenf structure for the immune-linked loci may
represent lower power when using 7 immune-linkeds. 9 neutral loci. In pairwised

comparisons of the two classes of markers, a stgmif difference between neutral and immune-
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linked loci was found only between N101 before/dgnmange and post-mang#' € 10.5,P =
0.03) (Table 1.4). This finding was consistent whested without DRB1W = 8.5,P = 0.03)
(Table A.11, Appendix). Thus, | can only consernety conclude that strong balancing selection
across multiple immune-linked loci has likely actedy on the N101 before/during and post-
disease populations. Nonetheless, the absenceafgiion structure for immune-linked loci is
suggestive of balancing selection. Consequentlgy&duate the degree to which fewer immune-
linked loci may influence the resolution of popudatstructure, | performed an additional
STRUCTURE analysis with 6 neutral loci chosen basetheir similarities to the immune-
linked loci with respect to their number of allebesd allele frequency distributions. | found that
less structure was resolved, although more stre¢han for immune-linked loci when tested
using 6 loci (Fig. A.1c, Appendix). Thus, in consilon, differences in the number of alleles
(Table A.17, Appendix) or allele frequency spettetween the 2 classes of markers may
influence the resolution of population structureatldition, differential patterns of per locus
selection and drift across the different bobcatytajgons may also have contributed to the
observed absence of structure for immune-linkeoviben tested using STRUCTURE (Fig.
1.2h).

Measures of per immune-linked locus differentiaionthe N101 before/during and
post-disease population pair revealed TLR3, TLR# KA1 to each have a.5= 0.00 (Table
1.5). For loci DRA1 and DRB1, {3 values were lower than overall neutral values;#0.02
and 0.06), while DRB3 and DRB4 hadsBralues similar to the overall neutral value4® 0.08
and 0.10). Using probability tests, none of thelpeus Qis;values were significant (Table 1.5)

between N101 before/during mange and N101 post-enaklthough no outlier loci were
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detected using LOSITAN, the program authors refhat the program is ill-equipped to detect
low Fstoutliers as Er approaches zero (Antab al. 2008).

Inbreeding coefficients showed evidence of botlamehg selection and genetic drift
acting on immune-linked loci in SMMNRA. The S101patation had the highest inbreeding
coefficient at immune-linked loci, greater than fautral loci and equivalent with the E405
neutral inbreeding coefficient. Considering difigces in isolation, population size and historical
demography, the similarity of immune inbreedingfGornts in S101 and E405 is puzzling. In
contrast, the E405 population had the greateseedng coefficient using neutral loci (Table
1.2) and yet a significantly lower inbreeding cagéint measured using immune-linked lagk (
=-2.26,P = 0.04), suggesting the influence of balancingaigla on immune-linked loci in this
population. Further, althoudghs measured using neutral loci increased 10-fold 10 Npost-
disease, immune-linked |0Eis decreased by more than half. The decrease wasgmificant
when comparing N101-before/during mange and postged,; = -1.57,P = 0.14), but when
N101 before and post-mange were compared (TableAd@endix), the difference was
significant (W= 13,P = 0.05). Per-locus decreased-igwere also observed for multiple
immune-linked loci when comparing N101 before/dgnmange with post-mange (Table 1.5).
TLR3, FLAL, DRB1, and DRB3 differed significantlyoin zero in N101 before/during disease
(P =0.005, 0.03, 0.005 and 0.02), but decreased bOiNbst-mange and no longer differed
significantly from zero. DRB4, in contrast, incredssignificantly from 0.06 to 0.17, suggesting

inbreeding in the small population during the dsseautbreak.
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DISCUSSION

Population structure

Urban development is increasingly recognized teehmportant genetic impacts on
wildlife populations (Munshi-South & Kharchenko ZDDelaneyet al 2010), especially for
large, highly mobile species such as bobcats (Riley} 2006; 2010; Leet al 2012). |
evaluated the roles that freeways and diseasergédretic structure and differentiation in urban
bobcat populations and identified four populatiooupings that clustered temporally and
spatially. Populations separated by freeways aoreednd after a disease outbreak were the most
differentiated. Neutral measures of genetic divgmsiere lowest in the most isolated, fragmented
population (E405) as well as in the N101 post-maraaulation, a population that suffered a
population bottleneck caused by a disease outbiidase findings indicate the freeways and
disease are important contributors to genetic dityeand differentiation in bobcat populations
in SMMNRA.

Roads and freeways are a common feature of mads¢dapes and may impose an
important barrier to movement fragmenting animagdydations (Forman & Alexander 1998).
Within SMMNRA, many secondary roads are presethpalgh they were not observed to
contribute to population structure. Both major Wwegs in the study area were important barriers
to movement and gene flow. Specifically, the 1-4@4s a greater barrier to gene flow than the
101 Freeway. Further, genetic movement across40& kppears unidirectional moving east to
west perhaps due to the limited available habaat ef the I-405. Higher population
differentiation across the 1-405 may also be tiseilteof fewer potential wildlife crossing points;
the 1-405 has only four potential points whereas1fl Freeway has seven. The influence of the

101 Freeway on population structure and genetfergifitiation is consistent with previous
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results (Rileyet al. 2006) although the number of migrants differedefret al. (2006) detected
13 individuals genetically assigned to the oppaosie of the freeway from where they were
captured. However, our dataset includes a greataber of individuals and loci, and so |
potentially had more power to detect true migraNtmetheless, | detected only 4 migrants, one
of which crossed the 101 Freeway from S101 to Nddxt-mange, and 3 of which crossed from
E405 to S101. Because | sampled approximately tagcmany individuals in E405 as in the
area directly west of the 1-405, | do not believg migrant detection for the areas straddling the
[-405 to be biased by my sampling design.

In southern California and especially within mydstuarea, a variety of species have been
documented to cross freeways through culverts asdggeways under freeways (Ng 2004).
Riley et al. (2006) found through radio-telemetry observatittrag four bobcats crossed the 101
Freeway. Although no radio-telemetry studies haaeniperformed near the 1-405, 26 remote
wildlife cameras were recently placed at four I-408ssing points and adjacent habitat for 19
months. Although bobcats were detected 247 timesalyeras in habitat adjacent to crossing
points, they were detected only twice by camergmssageways suggesting limited bobcat
movement across the freeway (Schoonmaker & Rildyl pnterestingly, nine samples from
Griffith Park (GP) assign with the E405 populatadthough the park is isolated from this
population by the 101 Freeway (Fig. 1.1). Thust e&the 1-405, the 101 Freeway may pose less
of a barrier to movement than in other regions dVBNRA. In general, however, the E405
population is perhaps the most threatened by raadssolation in the Los Angeles area. Habitat
in the E405 region, consisting largely of the Halbod Hills, is the most fragmented in
SMMNRA and has no direct connection to other poipte except S101. Although | did not

detect a genetic bottleneck in the E405 populatios genetic diversity measures, including for
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immune-linked loci, were lowest in the E405 popiolat lower even than for the bottlenecked
N101 post-mange population. Population isolatioth éacreased genetic diversity may cause
this population to be more vulnerable to othersstoes associated with urbanization and increase
susceptibility to disease. In fact, this populati®presently experiencing a decline associated
with a notoedric mange outbreak (Serieys, unputa)darther threatening its long-term stability.
Within SMMNRA, there are no wildlife corridors a@®freeways, and although underpasses
may be used (Ng 2004), my results highlight thedrfeeimproved connectivity across
increasingly urbanized and fragmented landscappseigént population isolation of bobcats and
possibly other low to moderate abundance specisasimountain liong?uma concolgrBeier

et al. 2010), gray foxesl{rocyon cinereoargenteu$empleet al.2010), grizzly beardrsus
arctos Gibeauet al. 2002), among others (Ng 2004). The design andamehtation of such
corridors across large roadways must become anteddeature of developing megacities
where the preservation of rare native specieseatithan-wildlife interface is a priority.

My results also indicated that disease can berasgtn influence on population
structure as freeways. Genetic differentiation leetmvthe N101 before/during mange and the
N101 post-mange populations was greater than fpulptions separated by freeways. The
disease outbreak caused a decline of > 50% orutleval rate of bobcats radio-collared by NPS,
and uncollared animals were also found dead waldtkease (Rilegt al.2007; 2010). The
population appears to be recovering (Riley, persooramunication) and based on the survivor
STRUCTURE analysis, a small group of founders {ik@iginating in N101 were the source of
the founder population.

In a metapopulation, local turnover due to stodbdattors such as disease can increase

genetic differentiation among local populationswédwer, the mode in which new populations
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are founded will influence the degree of populatidferentiation (Wade & McCauley 1988).
When the number of colonizers is large and indigldwriginate from multiple source
populations, turnover will have a homogenizing effdecreasing differentiation (Slatkin 1977).
Alternatively, if the number of colonizers is smaifid originate from only a few source
populations, genetic drift is accelerated by thalsmumber of founders and turnover can
increase population differentiation (Harrison & Hiags 1996; Pannell & Charlesworth 2000).
The degree of differentiation between the N101 ke#éturing and post- disease populations and
S101 suggests a small number of N101 individuatgged to establish the post-mange
population, rather than having been repopulatemhdhyiduals from nearby populations (e.g.

S101 or Moorpark).

Genetic effects of a population bottleneck

| found evidence that the N101 bobcat populatiotemwent a bottleneck coincident with
the notoedric mange outbreak from 2002-2005. Becausottleneck signature was observed
only in N101, the bottleneck was likely not a pheremon that occurred across the region. The
strong genetic evidence of a population bottlenedonsistent with field observations made by
NPS biologists that have been radio-collaring aadking bobcats in the area since 1996 (Riley
et al.2007; 2010). These data illustrate the value apting genetic and field studies,
particularly for secretive wide-ranging carnivosesh as bobcats.

With large reductions in effective population sigenetic changes from random genetic
drift include a shift in allele frequencies, a laggare alleles, and a decrease in heterozygosity
(Neiet al. 1975; Kimura 1985; Dlugosch & Parker 2008). Frbd96-1998, the N101 population

had a high effective population size of 47 indiati) which dropped to a low of approximately
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9 individuals from 2004-2005 towards the end ofrib&oedric mange outbreak. Consistent with
the decrease in effective population size to alsmmhber of founding individuals, | detected a
significant increase in inbreeding and relatedmes$ise post-disease N101 population based on
neutral loci. However, | observed only a slight significant decrease in allelic richness and
observed heterozygosity after the disease epizdldtie strength of a bottleneck and the rate of
population recovery affects average heterozygeasitythe number of alleles per locus (Neal.
1975). If population recovery occurs quickly or timtleneck is small, significant decreases in
heterozygosity or allelic richness may not be detk¢Neiet al. 1975). Because bobcats are
notoriously elusive and difficult to census by direbservation, the rate at which the population
recovered is unclear. However, based on captues eatd reproduction observations, the
population began recovery after approximately #gear roughly 3 bobcat generations (Knick

et al. 1985) after the beginning of the mange epizo®itef et al NPS unpubl. data).

Evidence of selection

Population declines can lead to genetic conseqséhegéreduce individual fitness and
viability and compromise adaptive potential (Fraakiet al. 1999). Both genetic diversity in
neutral and immune-linked loci can be lost as alted genetic drift during population
bottlenecks (Suttoat al.2011). However, strong selection at functional lnay counteract
genetic drift and maintain adaptively important ggnvariation (Aguilaet al. 2004; Piertney &
Oliver 2005; Oliver & Piertney 2012), even in pogtins that have undergone extreme genetic
bottlenecks (Aguilaet al. 2004; Piertney & Oliver 2005; Whittaket al.2012). To my
knowledge, | am the first to evaluate how genetift dnd selection influence genetic variation

at immunologically important loci in an urban fressging wildlife population. Further, the
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majority of immunogenetic studies have focused dtQViwhile very few have examined
patterns of genetic diversity at toll-like receptimei, particularly in a free-ranging populations.

| observed a significant discrepancy in the degfegenetic differentiation at immune
and neutral loci between N101 before/during mamgeN101 post-mange. For immune-linked
loci, genetic differentiation was absent for TLR3R4 and FLAL, while DRAL had less than
half the differentiation observed at neutral maskéimong my most striking results was the
significant decrease in immune-linked I&¢ simultaneous to a significant, 10-fold increase in
F\s for neutral markers as a result of the diseasereak. A low inbreeding coefficient at
functional genetic regions in comparison with thiereeding coefficient measured at neutral loci
suggests balancing selection (Blatkal. 2001; Oliver & Piertney 2012). Specifically, | arsed
a decrease iRs values for FLA1, DRB1, DRB3, and TLR3 after theahse outbreak, implying
balancing selection acting on these loci. In catirbobserved a significant increase in the
inbreeding coefficient for DRB4. Balancing seleatis unlikely to affect all immune-linked loci,
particularly given their varied functional rolesthre vertebrate immune system. | know of only
one study that has found evidence of balancinggeteaffecting variation at TLR regions
(Ferrer-Admetlleet al. 2008), whereas my results indicated balancingcieleon both TLR loci
and 4 of 5 MHC loci as a result of a disease oatbessociated with secondary anticoagulant
poison exposure.

Previous studies that have compared the degreferfethtiation between neutral
markers and immune genes in wildlife populationgeh@ported varying degrees and types of
selection to influence divergence in populationer(Btchez & Landry 2003; Piertney & Oliver
2005; Tschirreret al. 2011; Bolimeret al.2011). The lower genetic divergence in immune-

linked loci compared with neutral markers obsemwegmnant populations of Malagasy
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jumping rat Hypogeomys antimen&ommer 2003), greater prarie-chickehgnipanuchus
cupido,Bollmer et al. 2011), and island foxddrocyon littoralis Aguilar et al. 2004) was
attributed to balancing selection. For Easterniitagrey sealsHalichoerus grypus
geographic patterns in MHC variation and differatiin Ire consistent with habitat-specific
pathogen pressure (Camnmetral. 2010).

Relatively few studies have addressed patterngmétic differentiation in toll-like
receptor regions compared with neutral markers.drold.R2 differentiation compared with
neutral divergence in yellow-necked mouspddemus flavicolljspopulations was attributed to
a selective sweep and 95% of individuals sharedahge haplotype (Tschirretal.2011). On
the other hand, greater genetic variation at TL&Bgared with neutral markers observed in
bank voles Myodes glareoluswas attributed to diversification and local adsjoin (Tschirreret
al. 2011). Finally, heterogeneity in selection presgseflected varying degrees of balancing
selection detected in toll-like receptor and otimarkers involved in innate immunity in

European human populations compared with Africgoupations (Ferrer-Admetllat al. 2008).

Mange infection in the N101 population and selecta immune related genes

The roles of specific immune genes in responseaig®a infection remains elusive,
though it may involve both innate and adaptive imityupathways (Arliaret al. 2004; Walton
et al.2008). | observed both a lack of genetic diffeisiin between before/during and post-
disease populations, and a decreasgsifor the FLA1L locus, suggesting MHC Class | gene
involvement in bobcat immune response to notoedenge. | also observed a decreadgdn
for DRB1 and DRB3, suggesting that MHC Class Il-ratstl immune response may have been

important for bobcats infested with notoedric manijee scabies mit&arcoptes scabigis
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closely related to notoedric mange mites, and mdms, an immune response dominated by a
Th1l cell-mediated protective response is thouglptémnote parasite control (Walten al. 2008;
Walton 2010). The Thl immune response is dominkye@D4+ (helper T) and CD8+
(cytotoxic T) cells that interact directly with MHE@ass | and Il molecules (Huang & Germain
1992). A recent study found evidence that MHC Clag&¥RB-mediated immune response to
scabies $.rupicaprag¢ may increase survival of male Alpine chamdtsipicapra rupicapra
during rutting season (Schasehlal. 2012). | have documented that bobcats with mange
experience leukocytosis, and specifically signifittaelevated neutrophil, monocyte and
eosinophil counts (Serieys al. 2013). Although neutrophils have key functionnnate
immune response, they express MHC Class | mole¢hiiesmaret al. 1992) and are able to
stimulate adaptive immune response (Potter & Har@®01).

Toll-like receptors may similarly have been impattto the initiation of bobcat immune
response to mange infection. The observed decnedddr3 Fisand absence of differentiation
for TLR3 and TLR4 between N101 before/during maage N101 post-mange suggests TLR
involvement during the disease outbreak. TLR siggadctivates antigen presenting cells that
support helper and cytotoxic T cell differentiatigfaisho & Akira 2006). Additionally,
monocytes, neutrophils, and eosinophils, each faleated in bobcats with severe mange
(Serieyset al. 2013), express TLR4 (Sabreeal. 2002; Iwasaki & Medzhitov 2010). In
neutrophils, TLR4 expression plays a critical nol@rolonged cell survival (Sabre al. 2003)
while TLR3 activation of eosinophils is thoughtawnhance eosinophil ability to concentrate at
inflamed tissues in humans (Manssaral. 2010). Across SMMNRA, | have tested bobcats for
exposure to ten common feline viral and bacterhpgens and have not detected unusually

high prevalence of any disease with the exceptionange (Serieyst al. unpubl. data).
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Therefore, the observed patterns of selection agnasiune-linked loci are likely driven

primarily by severe and widespread mange parasitisime region.

Balancing selection in other populations

Differentiation in neutral and immune-linked losisimilar and non-significant across
other populations, suggesting the latter are npee&ncing divergent natural selection or under
balancing selection in other areas of SMMNRA. badbserve an absence of population
structure for immune-linked loci that may reflelog imited power of 7 loci, qualitative
differences in variation of the neutral and immumerkers, as well as differential patterns of
drift and selection acting on individual immunekid loci across the study area. One suggestive
finding is thatF s for neutral loci is 7 times greater than for imradimked loci in the E405
population, a difference similar to that for the@dlpost-mange population. Notoedric mange
has been observed in E405 since at least 200@rasdntly appears to be a primary source of
mortality for bobcats in the population (Serieyspubl.data). Thus, balancing selection may also
be an important regulator of genetic variatiomatiune-linked loci in the E405 population in
response to mange parasitism. Previous studiesdenarally found that variation at immune-
linked loci is correlated with variation at neutrairkers, suggesting the influence of genetic
drift on immune-linked loci (e.g. Atlantic salmoBalmo salayLandry & Bernatchez 2001; New
Zealand robinsPetroica traverseMiller & Lambert 2004; and bighorn she€vis canadensis
mexicanaHedrick & Espeleta 2001). Overall, as in our gtuélatively few studies find
consistent patterns of selection acting on immeggons across subdivided populations, and the
variability is generally attributed to heterogemeit effective population sizes, challenge by

pathogens, and landscape features in subdividedatagns (Bernatchez & Landry 2003).
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Conservation Implications

Our data highlight the importance of increased nization on the genetic structure and
diversity of animal populations and suggests tffarts to ameliorate these effects are critical to
long-term conservation and effective managemenstidorprising is the influence of a disease
epizootic on population differentiation in the regiaffected by mange. | have observed a strong
association between bobcat secondary exposurditoagulant rodenticides and increased risk
of mortality due to severe notoedric mange (Rééewl. 2007; Serieyet al. unpubl.data), a
disease that is now affecting numerous bobcat jadipuk across the State of California (Serieys
et al. 2013; Stephensaest al.2013). Bottlenecks can reduce genetic variatiahthareby
threaten the long-term viability of wildlife popti@ns. The Florida panther experienced a severe
demographic contraction as a result of human depiggdand encroachment that depleted
genetic diversity and led to severe fitness cdetelkeet al. 1993). Populations depleted of
genetic variation may also become more suscepbhblgectious disease (O’Brien & Evermann
1988). Bottlenecked populations of bighorn she&ayig arie$ are highly susceptible to
infectious disease, although their MHC diversitymains high (Espeletat al.2001). For
California sea lions4alophus californianus inbred individuals were suggested to be more
effective reservoirs for disease than individuaihwgreater genetic diversity (Acevedo-
Whitehouseet al. 2003). Although balancing selection may have atdadaintain functionally
important genetic variation in the N101 populationr results raise the concern that notoedric
mange can have fundamental impacts on the gerdtaestain populations, particularly those

that are isolated or located at the urban-wildhterface where stress is greater.
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Roads and urban infrastructure may also have pnofampacts on genetic variation and
differentiation in bobcats. The greater Los Angele=a has a population of approximately 18
million people, is among the megacities of the ddDEMOGRAPHIA), and is expected to
experience a population increase of 61.7% by 20&0\.america2050.0rg). As urbanization
continues in Los Angeles and elsewhere, diseaséeeréased connectivity may become critical
factors in the persistence of many populationsdi¥@ corridors across freeways are one critical
measure that may assist in the persistence ofigeheersity across rapidly urbanizing
landscapes. Additionally, maintaining habitat witinimal edge is important. For example, in
my study area, anticoagulant poisoning occurs priynia areas that are associated with urban
development, likely reflecting the placement ofenticides outside homes and outdoor facilities
(Serieyset al. unpubl. data). In more core habitat areas in SMMNRange and poison
exposure is less frequent (Serieysl. 2013). Thus, connected habitats with natural bsffe
where disease or toxicant effects have less oppioytto permeate across the wildlife-urban
interface and favorable adaptive genetic variatiam spread, will be critical for the long-term

viability of wildlife populations in urban landscag.
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TABLESAND FIGURES

Table 1.1. Effective population size (Ne) and 958#ametric confidence intervals for bobcat
populations in SMMNRA. For the N101 population afsd by the notoedric mange
epizootic,Ne is partitioned by sampling years.

Population Year N Ne 95% ClI

N101 1996-1998 33 47.2 25.9-130.7
2000-2001 22 176 12.1-27.6
2002 22 143 99-2138
2003 25 146 10.8-20.1

2004-2003 22 8.6 5.6-13
2006-2008 20 13.3 8.3-229
2009-2012 30 145 9.4-23.0
S101 1996-2012 126 97.7 71-143.6
E405 2010-2011 a7 344 21.8-61.2
* Years during which the mange epizootic occurred.
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Table 1.2. Genetic diversity measures and standard errof®tmrbobcat populations in SMMNRA. Standard erianes shown
in parentheses. Neutral loci measures are showetieft and immune-linked loci measures are taigtg within columns.

Population Ho He

AR Fs R
E405 0.55 (0.06) /0.60 (0.05) 0.64 (0.04)/ q®83) 5.22 (0.57)/4.71(0.69) 0.14 (0.05) / 0(0D4) 0.09 (0.004)
s101 0.65 (0.06) / 0.61 (0.05)  0.73 (0.02) / 00004) 6.88 (0.73)/ 6.08 (0.92)  0.09 (0.05) / QA®5) 0.08 (0.001)

N101-B/DM 0.72 (0.03)/0.64 (0.06) 0.73 (0.03)7@(0.06) 6.84 (0.62) / 6.21 (0.80) 0.01 (0.02)18 (0.03) 0.08 (0.001)
N101-PM 0.61 (0.04) / 0.65 (0.05)  0.68 (0.03) 10(3.05) 5.93 (0.75)/ 6.14 (0.76)  0.10 (0.03)23X0.03) 0.09 (0.003)
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Table 1.3. Results of bottleneck tests using BOTTLENECK &hdatio using 78% single-step mutations. Valuesadllare
significant @ <0.05) indicators of a genetic bottleneck. Varyégplues correspond with multiple pre-bottleneck eite
population size estimates whete 0.05 (e = 25),0= 0.1 (Ne = 50), andd= 0.3 (N = 150).

BOTTLENECK M-ratio P
Population Year N TPMt Mode shift M-ratio 6=0.05 6=0.1 6=0.3
N101 1996-1998 34 0.179 no 0.839 0.245 0.282 0.386
2000-2001 23 0.082 no 0.809 0.145 0.171 0.263
2002 22 0.102 no 0.792 0.111 0.130 0.202
2003 26 0.326 no 0.810 0.156 0.178 0.259
2004-2005% 23 0.002 vyes 0.690 0.011 0.012 0.021
2006-2008 21 0.007 no 0.708 0.014 0.021 0.033
2009-2012 31 0.367 no 0.666 0.005 0.006 0.011
S101 1996-2001t 30 0.125 no 0.894 0.507 0.545 0.671
2006-20127 26 0.064 no 0.788 0.105 0.115 0.183
2008-2012 85 0.150 no 0.806 0.1500 0.162 0.249
E405 2010-2011 48 0.177 no 0.799 0.165 0.193 0.284

*Y ear s during which the mange epizootic occurred.

T Malibu Creek State Park subset of S101 populadn
T TPM: two-phase model
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Table 1.4. Jost’s Qg for 9 neutral and 7 immune-linked loci, aRd/alues for pairwise
comparisons of immune and neutrak{@stimates for each population pair. All probailit
calculations for s values are significant. Value in bold represerggaificant difference
between the two classes of markerB &t0.05.

DESt
Population pairs Neutral Immune P
E405-S101 0.06 0.09 0.68
E405—- N101-B/DM 0.11 0.11 0.69
E405- N101-PM 0.12 0.17 0.54
S101- N101-B/DM 0.05 0.03 0.46
S101-N101-PM 0.05 0.04 0.38

N101-B/DM-N101-PM 0.08 0.02 0.03
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Table 1.5. Per immune locus and overall neutral inbreedirgffaoent (Fs) and genetic
differentiation (Qs) values for the N101 populations. Standard eratues are in
parentheses for compositg #alues. Values in bold are significantRak 0.05.
Significance was calculated using permutation tests

Fis
Class Locus N101-B/DM  N101-PM R
Neutral All neutral (S.E.) 0.01 (0.02) 0.10(0.03) 0.08
MHC class | FLAL 0.10 0.06 0.00
MHC class |l DRA1 -0.04 0.02 0.02
DRB1 0.15 -0.12 0.06
DRB3 0.08 0.04 0.08
DRB4 0.06 0.17 0.10
Toll-like receptor  TLR3 0.16 -0.06 0.00
TLR4 0.02 0.02 0.00
Immune All immune (S.E.) 0.08 (0.03) 0.02 (0.03) 0.03
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Figure1.1. Map of Santa Monica Mountains National RecreatioeaAwhere bobcats were
sampled. Colored circles represent individual bbbagture locations and colors
correspond with the predominant STRUCTURE clusssiginment for each individual.
Major freeways of interest include the 101 Freewag 1-405. The 23 (south of the 101
Freeway) and the 27 are secondary roads that éatetfee study area. Specific locations
referenced in the study: MRPK (Moorpark satelligpplation), TO (Thousand Oaks),
MCSP (Malibu Creek State Park), and GP (GriffitmkpaN101-B/DM: N101
before/during mange; N101-PM: N101 post-mange.
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Figure 1.2. Results of population structure analyses, usingucapocation as prior
information, using neutral loci (a-b, d-g) and immetlinked loci (c). For STRUCTURE
plots (a-c), each vertical bar represents one iddal. The shading of each bar
corresponds to the probability of genetic assigrirteeone of four populations of
bobcats that included N101 before/during mange (NB{DM, green), N101 post-
mange (N101-PM, red), S101 (purple), or E405 (gq)K = 4 results for bobcats
across the study are®) (Analysis K = 2) using survival information for individuals in
the N101 population from 1996-2012. * indicates wheange entered the population,
** indicates when a genetic bottleneck is detecfedK = 4 results for bobcats across
the study area using immune-linked loci. No distispable structure was present for
anyK-value. (d-g) Geneland results, interpolated o\MMBIRA, based on runs with
migrants removed. Black circles represent bobaajpsiag locations. Color
assignments correspond with STRUCTURE results. &as&lors represent a high
probability of assignment to a focal population,ilethe lighter color represents a high
probability of assignment to any other populati@).N101 before/during mange
resolved (green)gf N101 post-mange resolved (red).$101 resolved (purple)gX
E405 resolved (gold). Admixture between N101 an@lS®sulted in unclear
population assignment boundaries in the westernreggin of SMMNRA in (d) and
(M. (h) Per locus By values for all population pairs. A significantféifence between
the overall neutral and immuneddvalues was present only for the N101-B/DM —
N101-PM population pair.
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N101-B/DM N101-PM S101 E405

a K=4 (left)and K= 2, 3 and 5 (right) using 9 neutral loci.

96-9798-99  00-01 02-03* 04-05** 06-07 08-09 10-12 N101-B/DM N101-PM S101 E405
b Survivor analysis (K = 2) for bobcats in N101. C K =4 using immune loci.

f S101 resolved in Geneland. 0 E405 resolved in Geneland.

0.7 B Neutral loci
B 'mmune-linked loci

0.5

Dest

0.3

0.1

E405 - S101 E405 - N101-B/DM E405 - N101-PM S$101-N101-B/DM  $§101-N101-PM  N101-B/DM - N101-PM

. . Population pairs
h Per locus Dest values per population pair.
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APPENDIX

TableA.1. The number of individuals (N) and proportion otledobcat sample type per population used for gpnad. The values

to the left of the backslash represent proportafresach sample type for genotyping using neuti@l| lehile the values to the right
are for immune-linked loci.

Population N Antemortem tissue Postmortem tissue ccBluiswab  Scat

E405 49/ 29 0.56/0.91 0.09/0.03 0.00/0.00 3500.00
S101 124 /91 0.59/0.82 0.22/0.12 0.05/0.06 .1400.00
N101-B/DM  141/135 0.94/0.98 0.04/0.01 0.0101 0.01/0.00
N101-PM 51/44 0.72/0.84 0.06 /0.00 0.14/0.160.08 /0.00
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Table A.2. Information for immune-linked microsatellite laand primers developed for this study.

Locus Primer (5-3) Length (kb) RepeatRelation to target region

FLAL F: ACACACTGAGCACCAAGCAC 189 CA 20 kb downstmmeof FLAL
R: CCCTGCTCACACTCTGTCTG

TLR3 F: CCCCTCCAGTTCTGCAATAA 267 TG 8 kb downstredrom TLR3
R: GCGAGACTGTAGGCAGTTCC

TLR4 F: GCTTCTCCCTAAATGCTGCC 251 TGGAIntron of TLR4
R: ACCTCAATGGACTGCCCTC

DRA1 F: CCCGTGCCTGTTATCAACTT 216 GA 2 kb upstreararh DRA1
R: GGGTATGATGCCTTCTCCAA

DRB1 F: GCCCTGATGAGGTCAGCC 287 TTTA 5 kb upstreaioni DRB1
R: GATAGAGTCCCAGGTCGGG

DRB3 F: TCTCACGTTTTGTGGGTGTG 248 CT 14 kb upstrefaom DRB3
R: TGAATCCTTCTTGCGGAACT

DRB4 F: ATGGCTCCCAAGGCAAAGG 273 CA Intron of DRB4
R: CAAGAGTTGCATGCCCTACC
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Table A.3. Genetic diversity measures for the N101 populasipatified by mange status: before, during, anerdhe mange
epizootic. Values calculated with 9 neutral lo@ an the left, and 7 immune-linked loci are toriight of the backslash.

Mange status  Years N Ho He AR Fis

Before 1996-2001 56/53 0.73/0.65 0.73/0.710276.63 -0.01/0.08
During 2002-2005 71/70 0.71/0.62 0.73/0.68 196.6.32 0.02/0.09
After 2006-2012 51/46 0.61/0.65 0.68/0.71 95.8.14 0.10/0.03
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Table A.4.Results of bottleneck testsusing BOTTLENECK and M-ratio using 90% single-step mutations. Valuesin bold are
significant (P < 0.05) indicator s of a genetic bottleneck. Varying @values correspond with multiple pre-bottleneck effective
population size estimates where 8= 0.05 (Ne = 25), = 0.1 (Ne = 50), and 8= 0.3 (N = 150).

BOTTLENECK M-ratio P
Population Year N TPMt Mode shift M-ratio 6=0.05 0=0.1 6=0.3
N101 1996-1998 34 0.455 no 0.839 0.04 0.051 0.082
2000-2001 23 0.213 no 0.809 0.017 0.024 0.04
2002 22 0.150 no 0.792 0.009 0.015 0.026
2003 26 0.455 no 0.810 0.021 0.023 0.043
2004-2005% 23 0.007 yes 0.690 0.001 0.000 0.001
2006-2008 21 0.019 no 0.708 0.000 0.001 0.002
2009-2012 31 0.545 no 0.666 0.000 0.000 0.000
S101 1996-2001t 30 0.326 no 0.894 0.162 0.186 0.273
2006-20121 26 0.180 no 0.788 0.011 0.011 0.023
2008-2012 85 0.248 no 0.806 0.016 0.020 0.037
E405 2010-2011 48 0.411 no 0.799 0.012 0.017 0.03

*Y ear s during which the mange epizootic occurred.

T Malibu Creek State Park subset of S101 populadn

¥ TPM: two-phase model
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Table A.5. The harvested results of STRUCTURE analyses. Ukieagevanno method, K
= 2 was the most optimal number of clusters foheatalysis shown.

Mean Stdev

Analysis K Reps LnP(K) LnP(K) Ln'(K) |Ln"(K)] Delta K
9 neutral 1 10 -10222.14 0.2 — - -
loci, all 2 10 -9965.61 5.96 256.53 144.44 24.25
bobcats 3 10 -9853.52 11.27 112.09 25.63 2.27
4 10 -9715.8 15.69 137.72 13.65 0.87
5 10 -9591.73 14.58 124.07 64.45 4.42
6 10 -9532.11 16.47 59.62 23.71 1.44
7 10 -9496.2 70.86 35.91 7.66 0.11
8 10 -9452.63 48.97 43.57 35.39 0.72
9 10 -9444.45 55.24 8.18 66.86 1.21
10 10 -9503.13 121.77 -58.68 - -
9 neutral 1 10 -6890.65 0.21 - - -
loci, N101 2 10 -6648.92 1.57 241.73 46.38 29.48
2-year 3 10 -6453.57 13.07 195.35 50.54 3.87
survivor 4 10 -6308.76 9.02 144.81 44.59 4.95
5 10 -6208.54 36.55 100.22 12.16 0.33
6 10 -6096.16 16.9 112.38 104.47 6.18
7 10 -6088.25 155.34 7.91 148.55 0.96
8 10 -5931.79 29.09 156.46 120.96 4.16
9 10 -5896.29 38.2 355 14.29 0.37
10 10 -5875.08 58.58 21.21 - -
7 immune- 1 10 -10222.14 0.2 - - -
linked loci, 2 10 -9965.61 5.96 256.53 144.44 24.25
all bobcats 3 10 -9853.52 11.27 112.09 25.63 2.27
4 10 -9715.8 15.69 137.72 13.65 0.87
5 10 -9591.73 14.58 124.07 64.45 4.42
6 10 -9532.11 16.47 59.62 23.71 1.44
7 10 -9496.2 70.86 35.91 7.66 0.11
8 10 -9452.63 48.97 43.57 35.39 0.72
9 10 -9444.45 55.24 8.18 66.86 1.21
10 10 -9503.13 121.77 -58.68 - -
6 loci 1 10 -5452.85 0.14 - - -
immune- 2 10 -5183.59 0.9 269.26 67.67 75.19
linked loci 3 10 -4982 5.48 201.59 113.03 20.62
(DRB1 4 10 -4893.44 41.27 88.56 38.32 0.93
excluded), g 10 -4766.56 46.5 126.88 22.69 0.49
allbobcats ¢ 19 466237  8.43 104.19 31.63 3.75
7 10 -4589.81 12.72 72.56 25.2 1.98
8 10 -4542.45 30.7 47.36 76.06 2.48
9 10 -4571.15 95.4 -28.7 94.26 0.99
10 10 -4694.11 240.33 -122.96 - -
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Table A.6.Fsr valuesfor each population pair calculated using 9 neutral loci and 7
immune-linked loci.

Fst
Population pairs Neutral Immune
E405-S101 0.065 0.062
E405—- N101-B/DM 0.067 0.068
E405—- N101-PM 0.102 0.094
S101- N101-B/DM 0.035 0.017
S101- N101-PM 0.035 0.026
N101-B/DM-N101-PM 0.048 0.010
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TableA.7. The proportion of missing data for each locuspgmulation. The sample type and number of samplewliich data are
missing are specified in parentheses.

Locus E405 S101 N101-B/DM N101-PM

FCA008 0.00 0.02 (N = 3, scat) 0.00 0.00

FCA023 0.00 0.01 (N =1, scat) 0.00 0.00

FCA026 0.00 0.00 0.00 0.00

FCA043 0.00 0.01 (N =1, antemortem tissue)  0.00 000.

FCA045 0.00 0.00 0.00 0.00

FCAO077 0.00 0.01 (N =1, postmortem tissue)  0.00 000.

FCAO090 0.02 (N =1, scat) 0.00 0.00 0.02 (N = afsc

FCAQ096 0.00 0.02 (N = 2, buccal swab; N =10.00 0.00

scat)

FCA132 0.00 0.01 (N =1, scat) 0.00 0.02 (N = &fsc

FLA1 0.00 0.01 (N = 1, post-mortem tissue)  0.02<B, antemortem 0.00
tissue)

DRA1 0.00 0.00 0.00 0.00

DRB1 0.00 0.00 0.01 (N = 1, antemorten®.00
tissue)

DRB3 0.00 0.01 (N = 1, post-mortem tissue)  0.00 00.0

DRB4 0.00 0.02 (N = 1, postmortem tissue;0.00 0.00

N = 1, antemortem tissue)

TLR3 0.00 0.00 0.01 (N =1, antemorten®.00
tissue)

TLR4 0.00 0.00 0.00 0.00
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Table A.8. Neutral locus null allele frequency estimatespagvulation using 4 methods
implemented in Micro-checker.

Evidence
of null Brookfield Brookfield
Population Locus alleles?  OosterhoutChakraborty 1 2
E405 FCA008 no -0.02 -0.02 -0.02 0.00
FCA023 no 0.04 0.03 0.02 0.02
FCA026 no 0.02 0.02 0.02 0.02
FCA043 no 0.09 0.11 0.07 0.07
FCA045 yes 0.12 0.14 0.08 0.08
FCAQ77 no 0.08 0.10 0.07 0.07
FCA090 yes 0.17 0.24 0.11 0.18
FCAQ096 yes 0.16 0.21 0.13 0.13
FCA132 no -0.02 -0.02 -0.01 0.00
S101 FCA008 no -0.01 -0.01 0.00 0.07
FCA023 no 0.01 0.01 0.01 0.05
FCA026 no 0.00 0.00 0.00 0.00
FCA043 no 0.01 0.02 0.01 0.05
FCA045 yes 0.23 0.33 0.19 0.19
FCAQ77 no 0.04 0.05 0.04 0.07
FCA090 no 0.04 0.03 0.03 0.03
FCAQ096 yes 0.07 0.07 0.05 0.11
FCA132 no 0.00 0.00 0.00 0.06
N101-B/DM FCAO008 no 0.00 0.00 0.00 0.00
FCA023 no -0.05 -0.05 -0.04 0.00
FCA026 yes 0.07 0.07 0.06 0.06
FCA043 no 0.03 0.03 0.03 0.03
FCA045 no 0.00 0.00 0.00 0.00
FCAQ77 no -0.03 -0.03 -0.02 0.00
FCA090 no 0.02 0.03 0.02 0.02
FCA096 no 0.03 0.02 0.02 0.02
FCA132 no -0.02 -0.01 -0.01 0.00
N101-PM FCAO008 no 0.03 0.03 0.02 0.02
FCA023 no 0.05 0.05 0.04 0.04
FCA026 no 0.03 0.04 0.03 0.03
FCA043 no 0.04 0.04 0.03 0.03
FCA045 yes 0.08 0.10 0.07 0.07
FCAQ77 no -0.03 -0.03 -0.02 0.00
FCA090 yes 0.13 0.15 0.09 0.19
FCAQ096 no 0.05 0.05 0.04 0.04
FCA132 no 0.07 0.06 0.05 0.11
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Table A.9. Immune-linked locus null allele frequency estinsgper population using 4
methods implemented in Micro-checker.

Evidence
of null Brookfield Brookfield
Population Locus alleles?  OosterhoutChakraborty 1 2
E405 FLA1 no 0.11 0.11 0.07 0.07
DRB3 no 0.00 0.02 0.02 0.02
DRB1 no -0.05 -0.05 -0.04 0.00
DRA1 no -0.01 -0.01 -0.01 0.00
TLR3 no -0.01 0.00 0.00 0.00
TLR4 no 0.04 0.04 0.03 0.03
DRB4 no -0.05 -0.04 -0.04 0.00
S101 FLA1 yes 0.19 0.23 0.16 0.18
DRB3 vyes 0.09 0.10 0.08 0.11
DRB1 no 0.04 0.05 0.04 0.04
DRA1 no -0.02 -0.02 -0.01 0.00
TLR3 no 0.04 0.04 0.03 0.03
TLR4  vyes 0.11 0.13 0.07 0.07
DRB4 no 0.02 0.02 0.02 0.08
N101-B/DM FLAl no 0.05 0.05 0.04 0.12
DRB3 vyes 0.04 0.04 0.03 0.03
DRB1 vyes 0.08 0.08 0.06 0.09
DRA1 no -0.03 -0.03 -0.02 0.00
TLR3 yes 0.07 0.08 0.06 0.09
TLR4 no 0.01 0.01 0.00 0.00
DRB4 no 0.03 0.03 0.02 0.02
N101-PM FLA1 no 0.03 0.03 0.03 0.03
DRB3 no 0.02 0.02 0.02 0.08
DRB1 no -0.09 -0.07 -0.06 0.00
DRA1 no 0.02 0.01 0.01 0.01
TLR3 no -0.04 -0.03 -0.02 0.00
TLR4 no 0.01 0.02 0.01 0.01
DRB4 vyes 0.09 0.10 0.08 0.08
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Table A.10. Genetic diversity measures calculated using imnriunked loci for each
bobcat population. The values for the total 7 imexinked loci are to the left of the
backslash, and the values calculated using 6 RB( excluded) are to the right

Statistic E405 S101 N101-B/DM N101-PM
Allelic richness 4571417 6.25/6.02 6.21/5.9 6.23/5.90
Fis 0.02/0.04 0.14/0.15 0.08/0.07 0.03/0.05

Observed heterozygosity 0.60/0.58 0.61/0.61 40®mB65 0.65/0.65
Expected heterozygosity 0.63/0.62 0.70/0.71 00Q.70 0.71/0.71
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Table A.11. Jost’s Qg for each population pair for 9 neutral and 6 imeninked loci
(DRB1 excluded), anB-values for pairwise comparisons of immune and na¢ut
Destestimates of genetic differentiation for each papon pair. Value in bold is
significant atP <0.05.

Dest

Population pairs Neutral Immune P
E405- S101 0.06 0.08 0.86
E405- N101-B/DM 0.11 0.09 0.69
E405—- N101-PM 0.12 0.15 0.61
S101- N101-B/DM 0.05 0.02 0.38
S101-N101-PM 0.05 0.03 0.36
N101-B/DM-N101-PM 0.08 0.01 0.03
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Table A.12. Per locus Hardy-Weinberg probability values foclepopulation.

Across all
Locus type Locus E405 S101 N101-B/DM N101-PM populations
Neutral FCAO008 0.735 0.126 0.609 0.225 0.004
FCA023 0.084 0.297 0.401 0.023 0.001

FCA026 0.938 0.000 0.000 0.124 0.000

FCA043 0.316 0.516 0.375 0.091 0.000

FCA045 0.546 0.000 0.401 0.439 0.000

FCAOQ77 0.030 0.485 0.001 0.358 0.000

FCA090 0.000 0.581 0.024 0.031 0.013

FCA096 0.076 0.151 0.046 0.163 0.000

FCA132 0.134 0.039 0.099 0.009 0.000

Immune FLA1 0.049 0.000 0.611 0.198 0.000

DRA1 0.162 0.411 0.501 0.347 0.000

DRB1 0.874 0.151 0.026 0.254 0.017

DRB3 0.051 0.058 0.066 0.357 0.137

DRB4 0.396 0.043 0.055 0.001 0.062

TLR3 0.865 0.753 0.013 0.306 0.000

TLR4 0.687 0.033 0.455 0.669 0.081
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Table A.13. Per locus heterozygosity excess (EXC) and defigi€DEF) probability values for each population a@tdoss all
populations. Values in bold are significanPat 0.05 after correction for 32 test statistical tgms populationd =

0.002).
Locus All E405 S101 N101-B/DM N101-PM
type Locus EXC DEF EXC DEF EXC DEF EXC DEF EXC DEF
Neutral FCAO08 0.297 0.703 0371 0654 0387 0615  0.851158. 0012 0.988
FCA023 0.583 0.417 0.847 0.155 0.638 0.362 0.9870130. 0.036 0.964
FCA026 1.000 0000 0.809 0.192 0259 0741  0.847 0.156  0.995 0.005
FCA043 0.912 0.088 0.97 0.031 0.879 0.122 0.651 530.3 0.372 0.628
FCA045 1.000 0000 0.992  0.01 1.000 0000 0999 0001  0.059 0.941
FCAO77 0.926 0.074 0.968 0.033 0.965 0.035 0.3186890. 0.018 0.982
FCA090 1.000 0000 1.000 0000 0875 0126 0961 004 0989 0.011
FCA096 1.000 0.000 1.000 0.000 0.973 0.027 0.841 0.167 0.13 0.871
FCA132 0911 0089 0.855 0.145 0736 0264  0.733268). 0434 0.566
Immune FLA1 1.000 0.000 0.963 0.039 1.000 0.001 0.978 0.022 0.988 0.012
DRA1 0950 0.05 0593 0554 0536 0465 0179 0.8210.469 0.536
DRB1 0.999 0.001 0.351 0.676 0.988 0.013 0.9980.002 0.112 0.907
DRB3  1.000 0000 0.995 0.005  0.997 0.003  0.9990001 0.816 0.184
DRB4 0.997 0.004 0431 0.605 0.764 0.237 0.813 70.18 0.988 0.012
TLR3 0993 0007 055 0464  0.867 0.135 0990001 0.365 0.639
TLR4 0.939 0.061 0.806 0.376 0.993 0.023 0.738 4.29 0.652 0.448
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Table A.14. Per locus observed and expected heterozygosérgsgpulation. Expected heterozygosities are iemtheses.

Locus type Locus E405 S101 N101-B/DM N101-PM

Neutral FCAO008 0.70 (0.67) 0.76 (0.78) 0.75 (0.75)0.62 (0.66)
FCA023 0.58 (0.64) 0.69 (0.74) 0.88 (0.78) 0.6B9D.
FCAO026 0.82 (0.85) 0.89 (0.85) 0.70 (0.80) 0.781D.
FCA043 0.52 (0.62) 0.65 (0.67) 0.69 (0.74) 0.669D.
FCA045 0.40 (0.53) 0.29 (0.61) 0.76 (0.76) 0.5B4D.
FCAOQ77 0.52 (0.63) 0.64 (0.76) 0.81 (0.77) 0.774D.
FCAO090 0.29 (0.45) 0.60 (0.68) 0.52 (0.55) 0.394D.
FCA096 0.40 (0.63) 0.56 (0.67) 0.64 (0.68) 0.6B9D.
FCA132 0.74 (0.72) 0.80 (0.78) 0.77 (0.73) 0.5B%D.

Immune FLA1 0.45 (0.61) 0.47 (0.74) 0.67 (0.75) 50(6.75)
DRA1 0.65 (0.65) 0.73 (0.72) 0.79 (0.76) 0.78 (90.74
DRB1 0.74 (0.71) 0.60 (0.66) 0.61(0.72) 0.67 (.72
DRB3 0.58 (0.65) 0.67 (0.83) 0.78 (0.85) 0.76 (.85
DRB4 0.65 (0.63) 0.76 (0.80) 0.74 (0.80) 0.72 (.80
TLR3 0.71 (0.70) 0.61 (0.66) 0.53 (0.63) 0.60 (0.67
TLR4 0.42 (0.47) 0.39 (0.49) 0.38 (0.39) 0.41 (0.44
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Table A.15. Allelic richness per locus per bobcat population.

Locus type Locus E405 S101 N101-B/DM N101-PM

Neutral FCAO008 5.00 6.52 4.90 5.97
FCA023 4.00 4.91 4.90 5.86
FCAO026 9.00 12.11 10.70 12.45
FCA043 4.00 4.94 4.99 4.99
FCA045 3.00 6.84 6.00 7.30
FCAO77 5.96 6.18 6.00 6.57
FCAO090 5.00 5.85 4.92 5.06
FCA096 5.00 6.75 6.00 6.86
FCA132 5.98 7.84 4.92 6.51

Immune FLA1 4.00 6.52 6.37 7.63
DRB3 3.00 4.00 4.00 4.00
DRB1 7.00 7.67 7.99 8.23
DRA1 4.00 9.15 8.02 7.17
TLR3 6.00 7.22 6.67 5.99
TLR4 2.00 2.00 2.63 2.99
DRB4 6.00 7.21 7.82 7.62
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Table A.16. STRUCTURE cluster assignment and posterior prdibabi correct genetic population assignment ofgoial
migrants in SMMNRA.

Structure Analysis
Structure Analysis Result: Cluster  Posterior Probability

Result: Capture Location of Correct
Location Cluster Assignment Assignment to
((%) — Cluster (Genetic Origin) Genetic Origin
Assignment) ((%) — Cluster Cluster
Animal ID Direction Assignment)
BMO016 S101 -> N101-PM 0.31 0.54 0.71
B207 E405 -> S101 0.14 0.85 0.99
B272 E405 -> S101 0.27 0.72 0.75
BS25 E405 -> S101 0.17 0.82 0.97
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Table A.17. The number of alleles per locus per populatiorti®igualitative differences, such as in the nundbexleles for
immune-linked loci compared with neutral loci, m@ntribute to the absence of STRUCTURE observédenmmune-
linked loci STRUCTURE analysis.

Neutral loci Immune-linked loci

FCA FCA FCA FCA FCA FCA FCA FCA FCA FLA. DRA° DRB DRB DRB TLR TLR

Populations 008 023 026 043 045 077 090 096 132 1 1 1 3 4 3 4

All bobcats 8 6 15 5 8 6 6 8 8 8 12 4 9 8 9 3
E405 5 4 9 4 3 7 5 5 6 5 7 4 9 5 4 2
S101 8 5 14 5 7 6 6 7 8 7 11 4 6 8 9 2
N101-B/DM 5 5 11 5 6 7 5 6 5 7 12 4 8 8 8 3
N101-PM 7 6 15 5 8 7 6 8 7 8 7 4 8 7 6 3
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a K= 2-5 using seven immune loci. bk=25 using six immune loci (DRB1 excluded).

N101-B/DM N101-PM 5101 E405

C K =4 using six neutral loci.

Figure A.1. Results of population structure analyses usingumedinked and neutral loci.
N101-B/DM: N101 before/during mange population; NI9®@M: N101 post-mange
population. &) Analysis performed with 7 immune-linked loci fidr= 2-5. p) Analysis
performed with 6 immune-linked loci f&& = 2-5. DRB1, found to be in linkage
disequilibrium with 3 other immune-linked loci, wascluded from the analysis) (Analysis
performed with 6 neutral loci. Less population stane was resolved in comparison with 9
neutral loci, although still more structure thasaleed with 6 (b) or 7 immune-linked loci (a).
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CHAPTER 2
Anticoagulant rodenticidesin urban bobcats:

measuring exposure, risk factors, and consequences
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ABSTRACT

Toxicants are a leading cause of population de¢tina variety of animal species
worldwide. One group of compounds, anticoaguladenticides (ARS), is increasingly
recognized as a threat to nontarget wildlife. Héglposure prevalence to ARs and associated
mortalities have been documented in nontarget poeglapecies globally, including in southern
California, where AR exposure has also been lirtkguigh prevalence of an ectoparasitic
disease, notoedric mange, which has been the pataioause of a population decline of bobcats
(Lynx rufug. Over a 16-year period (1997-2012), | examinedexRosure in bobcats across
southern California, contrasting seasonal, demducagnd spatial risk factors in both natural
and urbanized areas. | used a novel approach bplisgnboth blood (N = 206) and liver (N =
172) to examine exposure ante- and post-mortertelcted high prevalence of exposure (89%,
liver; 39%, blood) and found that for individualgthvpaired liver and blood data (N = 64), 92%
were exposed most frequently*® compounds. Prevalence and the amounts of comhzutsi
were associated with human activities that incluclemmercial, residential, and agricultural
development. In particular, AR exposure was strpagbkociated with proximity to single-family
high-density residential communities and golf cesrduring the dry season, animals were 2.6
times more likely to be exposed to ARs. Bobcatisath sexes and all age classes were at high
risk of exposure, and | documented fetal transfenaltiple ARs. | found a strong association
between AR exposure t00.25 ppm op 2 compounds and an ectoparasitic disease, notoedri
mange. Results show AR exposure is extremely peavéhroughout the regions sampled, and
over the course of the 16-year study. ARs may pasgbstantial threat to bobcats, and likely

other species living at the urban-wildland inteef@ww southern California.
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INTRODUCTION

Anthropogenic development can have profound ecoédgnpacts. Consequences may
be obvious, such as habitat loss and fragmentatioeryptic, such as the exposure of wildlife to
toxicants (Fleischli et al. 2004, Kobayashi e2805, Riley et al. 2007, Brar et al. 2010).
Exposure to chemical contaminants is considerethihe leading cause of species
endangerment in the United States (Wilcove and &4&€Q05). The indiscriminate use of
chemical pesticides used to target plant or anpaats may bioaccumulate (Mendelssohn and
Paz 1977, Riley et al. 2007, Gehrt and Riley 2&l6nso et al. 2012), leading to widespread
primary or secondary exposure of nontarget spedibsunintended consequences.
Conseguences of exposure can include direct ntyr{diendelssohn and Paz 1977, Aguilar and
Borrell 1994, Riley et al. 2003, Gehrt and Rileyi@0Gabriel et al. 2012), or sublethal, chronic
effects such as reproductive impairment (McMurrglett995, Vos et al. 2000, Eeva et al. 2003,
Choi et al. 2004, Scheuhammer et al. 2007), deedeiasmune competence (Choi et al. 2004),
and increased disease susceptibility or emergdreelley and Altizer 2007, Riley et al. 2007).

Anticoagulant rodenticides (ARS) represent a grolufpxicants increasingly recognized
for the threat they pose to nontarget wildlife Eson and Urban 2004, US EPA 2008, Elmeros
et al. 2011, Gabriel et al. 2012, California Depaamt of Pesticide Regulation 2013). As Vitamin
K antagonists, ARs interrupt the production of Yhta K-dependent blood clotting proteins,
leading to the depletion of these proteins oveergod of days, and induce mortality by
hemorrhage (Erickson and Urban 2004). Comprisad/ofclasses of compounds, they are the
primary chemical method of rodent control used dwitle for the control of rats and mice
(Stone et al. 1999, Eason et al. 2002). First-gdimer anticoagulant rodenticides (FGARS),

including warfarin, diphacinone, and chlorophacieoare readily metabolized, have a short
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half-life in hepatic tissue ranging from 2 weeks&veral months (Eason et al. 2002), and must
be consumed in multiple feedings to reach a letbak (Erickson and Urban 2004). In contrast,
second-generation anticoagulant rodenticides (SGA&Rs include brodifacoum, bromadiolone,
and difethialone, were developed to target rath ggnetic resistance to warfarin (Hadler and
Buckle 1992). They have prolonged action and irsgdgotency (Petterino and Paolo 2001),
and with hepatic half-lives ranging 6-12 monthgsst in liver tissue for more than one year in
some species (Eason et al. 2002). Both classesgi@unds have delayed onset of action, and
death from AR consumption can occur up to 10 dé&gs angestion (Cox and Smith 1992).
Individual rodents may continue to accumulate thgounds over a period of days, increasing
their attractiveness to predators as they becona&emed by the toxicant, and become easier to
capture (Cox and Smith 1992, Berny et al. 1997nB8@007). For predatory species that
consume prey species targeted with ARs, thereidepge that both acute and chronic secondary
exposure to the toxicants can occur (Erickson arhiy 2004, Riley et al. 2007, Elmeros et al.
2011, Gabriel et al. 2012).

The exposure of nontarget wildlife to ARs has béecumented for numerous predatory
mammal and bird species globally (McDonald et 888, Stone et al. 1999, Riley et al. 2003,
2007, McMillin et al. 2008, Walker et al. 2008, Hros et al. 2011). When prevalence of AR
exposure is examined in wildlife, detection ratas be high, exceeding 80-90%, and ARs are
responsible for direct mortalities in many popwas including coyotegJanis latrans
Riley:2003vv), San Joaquin kit foxegulpes macrotis muticayicMillin:2008vg), California
fishers Martes pennan@Gabriel:2012bi), mountain lion®(ima concolgrRiley et al. 2007), red
kites Milvus milvus;Berny and Gaillet 2008), barn owIByto albg, barred owls $trix varig

and great horned owIB(@bo virginianu} (Albert et al. 2009), among many others. Thedesct
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that lead to secondary exposure of nontarget spacgecomplex (Eason et al. 2002, Shore et al.
2006, Laakso et al. 2010) because exposure i®ddlatthe persistence of compounds, levels of
usage, how and where the compounds are used,apidctiecology (Eason et al. 2002, Shore
2003, Erickson and Urban 2004, Shore et al. 200&).study of AR exposure in wildlife is also
difficult because it often relies on post-mortermpéing of liver tissue from carcasses found
opportunistically. This may lead to a bias towandtection of those compounds with the longest
persistence in hepatic tissue, and an underestimafithe number of animals that are exposed
to ARs, and that die directly, or indirectly, of AlRRnsumption.

In southern California, more than a decade ofaks$ein and around Santa Monica
Mountains National Recreation Area (SMMNRA), a aa8l park bordering the Los Angeles
area, has documented widespread AR exposure ipheutirnivore species. AR exposure was
the second leading cause of mortality during a&-geyote study in which 83% of individuals
tested were exposed (Riley et al. 2003, Gehrt aley R010). Ninety percent of mountain lions
(Puma concolorand bobcats in the study area were also expédbxy (et al. 2007, 2010, Beier
et al. 2010, NPS unpubl. data). AR toxicant loadhe concentration of AR residues detected,
was positively associated with the use of develareds by radio-collared bobcats and
mountain lions (Riley et al. 2007, Beier et al. @D&uggesting that urban areas are a major
source of AR contamination.

Although high rates of exposure were documentetvdbcats in SMMNRA, death by
anticoagulant toxicity has been reported in onlg oase (Riley et al. 2010). However, secondary
AR exposure at 0.05 ppm was significantly associated with deaté t severe notoedric
mange, an ectoparasitic disease, and a precipudation decline and genetic bottleneck

occurred as a result of the mange outbreak fron2-2006 (Riley et al. 2007, Serieys et al
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unpubl. manuscript). Notoedric mange was previousghprted only in isolated cases in free-
ranging felids (Pence et al. 1982, Maehr et al51%®nce et al. 1995), although the disease may
now be an increasing problem for bobcats acros$o@ah (Serieys et al. 2013, Stephenson et al.
2013). All bobcats with severe mange tested for Meee exposed (N =19, Riley et al. 2007; N
=11, Serieys et al. 2013). These findings havedsdarchers to hypothesize that chronic,
sublethal exposure to ARs may influence immunetianan bobcats, increasing their
susceptibility to severe mange infestation and thieility to mount an anti-mite response (Riley
et al. 2007).

Following these findings of widespread exposurmiritiple carnivore species in
SMMNRA and the potential interaction between ARd antoedric mange in bobcats, | initiated
an investigation of risk factors for bobcat expestar ARs in southern California. | took a novel
approach to the study of AR exposure in wild anip@ulations by sampling both blood and
liver samples to comprehensively detect exposum@sa@ landscape of fragmented urban and
large protected natural areas. Liver samples wateated postmortem to evaluate exposure
history of individuals. Further, unlike previousigtes, rather than relying exclusively on the
opportunistic recovery of liver samples from casessto evaluate exposure, | also used blood
samples collected antemortem during animal capituesaluate recent exposure events.
Therefore, | was able to significantly increaserhenber of samples collected as well as more
intensively and strategically sample across myysarda. | used multiple measures of AR
exposure that included exposure prevalence bottathaad to individual compounds, the
number of compounds detected, and compound res@haentrations (toxicant load). Using
these variable measures, | evaluated AR exposweldsyears from 1997-2012 based on

samples collected from 5 counties in southern Gai&. | assessed risk factors for exposure
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including sex, age, and season. | also assesseddale spatial risk factors, including proximity
to residential, commercial, and altered open afdgprimary goal in evaluating spatial risk
factors for exposure was to pinpoint specific typesuman development that may be the
primary contributors to environmental contaminatath ARs. Using a much larger number of
samples collected over an extended period of tiha had been done previously by Riley et al.
(2007), | examined the potential association betwaeeange of residue concentrations and the
number of compounds detected and notoedric mamgall\; | compared SGAR exposure
prevalence both before and after new United Statesronmental Protection Agency (EPA)
regulations took effect in June 2011, which wersigleed to decrease ecological risk associated
with human use of these compounds (US EPA 2008).

| predicted differential rates of AR detection tbfferent sample types. Specifically, |
expected that higher exposure prevalence, and ntratiens of compounds would be detected
in liver samples than blood samples given thataloesnpounds have longer persistence in
hepatic tissue than blood (Vandenbroucke et al8p0@owever, | predicted that | would most
frequently detect SGARSs, instead of FGARSs, in btdod and liver samples because SGARs
are most frequently detected in hepatic tissuealif@nia (Hosea 2000, Riley et al. 2007,
McMillin et al. 2008, Gehrt and Riley 2010, Gabratlal. 2012, Serieys et al. 2013). Over the
course of the 16-year study period, | expected Afection rates to increase concurrent with
increasing urban development. | anticipated thdespanore likely to utilize urban and altered
open spaces than females, and with larger homesahgn females (Riley et al. 2010), would
have greater AR exposure than females as a rdgnltreased probability of contact with treated
rodents. | predicted that older animals would haveccumulated risk of exposure, and thus

have higher exposure prevalence and residue caatiens. Spatially, | expected that exposure
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would be highly associated with animal proximityhtaman development, particularly residential
and agricultural areas, and that animals residirigrige protected natural areas would not be
exposed to ARs. Finally, | anticipated that themuld be an association between multiple AR
exposure events measured as residue concentratidritte number of compounds detected in

bobcats and severe notoedric mange.

METHODS

Study area and sample collection

Bobcat sampling primarily occurred during two fisldidies (Fig. 2.1). In Los Angeles
and Ventura Counties, samples were collected by &RISJCLA biologists from 1997-2012
during an ongoing NPS bobcat ecology study in SMMNRiley et al. 2003, 2006, 2007, 2010,
Serieys et al. 2013). The eastern boundary of SMMMNRess than 10km from downtown Los
Angeles and the park encompasses both large pebjlicns of continuous protected habitat with
minimal urban development, including state andameti park lands, as well as highly
fragmented areas with intense urban developmemhel®©range County study area (OCSA),
bobcats were sampled across a network of public@aeserves in a rapidly urbanizing
landscape in, and surrounding, the Santa Ana Mwtduring a study by the U.S. Geological
Survey (USGS) from 2006-2010 (Lyren et al. 200880 The Santa Ana Mountains straddle 3
counties that include Riverside, Orange, and Sag®but most of the samples (93%) were
collected in Orange County. Human development adbosh study areas includes residential,
commercial, agricultural development, and alternednoareas such as golf courses and

landscaped parks (Table 2.1). Samples were alsoriyoyistically collected in two additional
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areas north and south of my study areas in SaraBadnd San Diego Counties when animals
died in wildlife rehabilitation facilities or wemeported dead by residents.

In SMMNRA, National Park Service biologists andbllected blood samples
antemortem at the time of capture. Bobcats werauoagh with padded foothold traps (1996-
1998) and cage traps (2000-2012) (Riley et al. 28086, 2007, Serieys et al. 2013). Animal
capture, handling, and sample collection protowase approved by the Office of Animal
Research Oversight of the University of Califorriias Angeles (Protocol ARC#2007-167-12)
and by the Colorado State University Animal Care dse Committee (Protocol #11-2453A).
Protocols underwent extensive review in order toimize animal stress and suffering.
Scientific collecting permits were authorized thygbuhe California Department of Fish and
Wildlife (SC-9791). From 2000-2009, the majoritytcdpping efforts occurred from mid-
October to mid-February across sampling yearstlamlthe majority of blood samples were
collected during the wet season. Animals were agexkd, weighed, measured, ear-tagged, and
released at the capture site. A subset of indivgdware also radiocollared as part of the ongoing
NPS study (Riley et al. 2003, 2006, 2007, Seri¢yd.€013). To obtain serum samples, blood
was centrifuged within 24 hours of collection aedusn was collected. Blood and serum were
stored at -28C or -80C until tested. Anticoagulant rodenticide compouarsstable (Waddell
et al. 2013) and so the length of time in the feeez not expected to affect the results.

In both study areas, | obtained liver samples dunecropsies by veterinary pathologists
(N = 23) or biologists (N = 146) from opportunistily found carcasses (e.g. road-kill) or from
animals that died in rehabilitation centers. In SMIRA, when radio-collared animals died, liver
samples were also collected from these individudlsnever possible. For 20 individuals, blood

was simultaneously obtained postmortem. The calsedality, collection date, sex, age class,

82



and location found were recorded. All animals waseially inspected for clinical signs of

mange that included severe dermatitis, alopeci/iahenification of the skin. If clinical mange
was observed, skin scrapings in the affected aveas performed to identify mite species as
previously described (Riley et al. 2007, Serieyale2013, Stephenson et 2013). During

necropsy, an upper canine tooth was extracteduantifative age assessment, measured in years,
using cementum annuli from a subset of individuralsoth study areas (Matson’s Laboratory

LLC, Missoula, MT) (Crowe 1972). Capture and matydbcations were recorded using GPS

devices. Liver was stored at “ZDuntil tested.

Anticoagulant screen

| assessed residues, both presence and amourdrfafiw, coumachlor, bromadiolone,
brodifacoum, diphacinone, chlorophacinone, andlui#géone in 2 g of liver tissue, 1 g of serum,
or 2 g of whole blood by high performance liquidamnatography (HPLC) and liquid
chromatography-mass spectrometry (LC-MS) as preladescribed (Riley et al. 2007,
Waddell et al. 2013). Limits of quantitation foese anticoagulants vary according to their
sensitivity to UV or fluorescence detection. Irelitissue these limits are 0.01 ppm for
brodifacoum, 0.05 ppm for bromadiolone, warfarimgd @oumachlor, and 0.25 ppm for
chlorophacinone, diphacinone, and difethialonébltrod, limits of quantification were 1 ppb for
each compound with method detection limits randinogn 0.28 to 0.45 ppb. ARs that were
determined to be positive by LC-MS/MS, but wereolethe limit of quantitation by HPLC,
were defined as above the limit of detection (L@D)above LOD”.

Finally, to make comparisons between compoundstiten bobcat samples, and

compound use in counties where bobcats were sapimedessed reported County (Los
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Angeles, Orange, and Ventura Counties) pesticidgme&asured in pounds) through the
California Department of Pesticide Regulation oaltatabase
(http://www.cdpr.ca.gov/docs/pur/purmain.htm) foe 4 most commonly detected compounds

in bobcats. | accessed yearly records from 19922R&cords for Orange County were accessed
only for the years for which | had samples from shaly area (2006-2010). | averaged the

pounds applied across the counties for each sayeple(see Fig. 2.2c).

Land use analysis

To evaluate the surrounding landscape of all captor recovered bobcats, | created
buffer zones (circular polygons) with each capturenortality location as the centroid. Each
buffer zone area was equal to the size of a 95%mmim convex polygon home range consistent
with the sex and sampling region of each individuzdles: 5.2 klhSMMNRA; 5.6 knf OCSA;
females: 2.3 kin SMMNRA; 3.2 knf OCSA) (Riley et al. 2010). Animals that were sagapih
Santa Barbara and San Diego Counties were exclooiedand use analysis because exact
sampling locations were unavailable. | clipped2B65 land use dataset provided by Southern
California Association of Governments (SCAG, hitpddata.scag.ca.gov/Pages/Home.aspx)
with bobcat buffer zones in ArcGIS 10.1 to quantifg land types used by each bobcat.
Seventy-six land use variables were availableHerttobcat buffer zones. These land use
variables were broadly categorized into 5 gendealses including: 1) agriculture; 2)
commercial and industrial; 3) residential; 4) atéopen areas such as landscaped parks, golf
courses, and cemeteries; and 5) undeveloped nateas (Table 2.1). To enhance my statistical
power and to reduce the number of statistical stisthe probability of Type | errors, prior to

statistical analyses, | merged the 76 SCAG landvasables into 13 groups based on similarity
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and relevance to this study in terms of likely emdigulant use (Tables B.1-B.3, Appendix). For
each of the 4 general classes of anthropogenidallgloped land use type, | also used the total
area of each class as a predictor variable. Thasg twvere 17 spatial predictor variables used for
analyses (Table 2.1). | quantified the percent coteach of these 17 predictor variables in each
buffer zone and used these land use data for asatiescribed below. To estimate the percent of
each land use type within the study areas, | alemt&@ngle minimum convex polygon
surrounding all buffer zones separately for SMMN&# OCSA. | then calculated the percent

of each of the 17 land use variables within eagtysarea’s polygon (Table 2.1). Because golf
courses and cemeteries share similar charactser(stianicured green lawns), and because
cemeteries comprised < 0.20% of the study areasgtegies were grouped with golf courses and

will be referred to only as golf courses below.

Data analysis

Descriptive statistics are presented as meanaidard deviation, median, and range.
Proportion and exact 95% confidence intervals ¢itaagulant exposure for males, females,
adults, juveniles, and wet (November 1 — April 38) dry (May 1 — October 31) seasons were
calculated separately for blood and liver samptes.prevalence calculations using blood,
recaptured animals were counted once and onlyateftbm the most recent capture event were
used. For spatial analyses using buffer zone diteesampling events including recaptures and
post-mortem sampling which occurred a minimum ai@hths apart were included in analyses.
My rational for this approach was that evaluatiis$y factors for exposure was a primary goal of
this study and | expect ARs in blood to decay fastan the minimum 4 month interval between

captures (Eason et al. 2002, Erickson and Urbad,20&8ndenbroucke et al. 2008). Thus,
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because successive samples of individuals aretiegcindependent measures of exposure, |
avoided bias caused by multiple recaptures. Fabaet of animals (N = 64) | had both liver and
blood results. In this group, | combined the ARdae data for both tissue types to calculate the
proportion and exact 95% confidence intervals dfcaagulant exposure, the range, and the
mean and median number of compounds detected dligidnal.

| measured AR exposure using 11 variables for liesults, and one variable for blood
results (Table 2.2). Using liver results, | evathtotal exposure as presence or absence of any
compound as well as individual exposure to eadh®# most commonly observed compounds
(brodifacoum, bromadiolone, diphacinone, and di&time). | also measured AR exposure as
the total residue concentration in parts per milljppm) of all compounds detected (total
residues), as well as individually for each of fheost commonly detected compounds. Finally,
| evaluated anticoagulant exposure as the totabeumf compounds detected in each sample (0-
7). Using blood results, | evaluated total exposuny. The majority of detected ARs in blood
were diphacinone, and the total concentration of ARs quantifiable for less than 10% of
samples tested (24% of positive samples).

| evaluated risk factors for AR exposure using ¢hsges of generalized linear models
(GLM). Using a logistic regression, | evaluatediactors for total exposure measured using
blood and liver, and separately, for exposure talifacoum, bromadiolone, diphacinone, and
difethialone based on liver samples. | used ailogak GLM to evaluate risk factors for total
residue concentrations and for residue concent@fiar each of the 4 most commonly detected
compounds in liver tissue. Two animals of 169 fro@SA had outlier residue concentrations of
greater than 2 standard deviations above the noe@nfor difethialone and the other individual

for bromadiolone. These individuals were excludedlf concentration analyses for these
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specific compounds and for total residue analyseauise preliminary analyses indicated that
they dominated model results. | used a Poissomessgm to evaluate risk factors for exposure to
multiple compounds (0-7) for liver exposure data.

For each model type, | first performed univariatalgses to identify potential predictors,
or risk factors, of exposure (Table 2.2). | tedtadl use categories within each individual buffer
zone, study area (SMMNRA, OCSA), sex (male, femalgg class (adult animat2; juveniles
< 2 years), age (in years), and season (wet, @oygvaluate the change in detection rates over
time, animals were grouped into 2-3 year incremdafgending on the number of animals
sampled yearly such that in all time incrementg, N(N = 23; Fig. 2.2). Four percent (N = 4) of
liver samples were collected during 1997-1999, dunel to limited samples size, this time
increment was excluded from temporal analysesaRalyses involving SGARs (brodifacoum,
bromadiolone, difethialone), | examined whetherasype to these compounds changed after the
EPA regulations took effect in June 2011. Sixteercent of liver samples (N = 28) were
collected from August 2011-July 2012 after the ERgulations took effect.

Next, | performed multivariate GLMs to test thelugnce of predictor variables on AR exposure
while controlling for all significant predictor viables. The multivariate GLMs were selected by
backward stepwise selection using Akaike’s InfoioraCriterion (AIC) for model selection. |
selected and report the strongest models WRIC values< 2 (Burnham and Anderson 2002). |
reportp, the standard error @f and 95% confidence intervals farA positivep indicates a
positive association between the predictor aneegp®sure outcome, while a negatpre

indicates a negative association.
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| also used logistic regression analyses to exaamtieoagulant exposure parameters as
predictors for clinical notoedric mange. My predictariables for these analyses included the 11
anticoagulant exposure measures and the 17 langredietors. Analyses were performed as
above with univariate models followed by multivéeianalyses. Using Fisher’s exact tests, |
examined the association between notoedric mangjamticoagulant exposure parameters
including the total number of compoundsZ, > 3, and> 4) and the threshold value of total
residues> 0.05 ppm suggested by Riley et@007). To examine the potential relationship
between mange and AR residues in more detail ulliized the data by plotting the number of
animals, both with and without mange, exposedremge of anticoagulant residue
concentrations (Fig. 2.3). | observe an increashe@mumber of mange cases at a residue range
of 0.25 — 0.49 ppm. Consequently, | also used ladfis exact test to evaluate the association
between mange and total residae®.25 ppm. Next, | used a Kolmogorov-Smirnov test t
evaluate the difference in the distribution of des concentrations in bobcats that died with
mange compared with those that died without maRgelly, | used a Wilcoxon-rank sum test
to evaluate the difference in median residue canggons between the two groups.

Because frequent methods of correction for multiptés have been described as overly
conservative with a higher probability of genergtirype Il errors in comparison with Type |
errors, particularly for ecological studies witiwgtatistical power (Moran 2003), | did not
correct for multiple tests. Thus, all statisticadts were considered significant when 0.05. All
statistical analyses were performed in the prografR Development Core Team 2011).

When data on the sex (liver, N = 18; blood, N =&@)e class (liver, N = 25; blood, N = 3),
year collected (liver, N = 7), season collectedeflj N = 7), or mange status (N = 13) were

unavailable, these samples were excluded from [@mewa estimates and statistical analyses
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requiring these data. | also excluded exposurdtsesam statistical analyses for livers from two
fetuses, one from each study area, collected wienmothers were each hit by a car, and a
liver from a one day-old kitten because their expesvas likely not independent from that of

their mother.

RESULTS

Sampling

A total of 378 samples were collected from 304 agmOne hundred seventy-two livers
were collected postmortem and 206 blood samples watected from 195 individuals. In
addition to the 20 individuals for which blood aiger samples were collected simultaneously
during necropsy, blood was collected at the timeapfture and liver samples were later
recovered during necropsies for 44 radiocollarachals. Thus, | had a total of 64 blood and
liver samples collected from the same individulsven blood samples from recaptured
individuals were excluded from prevalence estiméfedle 2.3). One hundred four livers were
collected in SMMNRA (Los Angeles County N = 44; Wera County N = 55; N/A = 5) and 56
in OCSA (Orange County N = 52; Riverside County lil;=<San Diego County N = 3). Eleven
livers from Santa Barbara County and San Diego Gofoutside of OCSA) were collected from
individuals that died in rehabilitation centers£M) or were reported dead by local residents (N
= 2). One hundred eighty-nine blood samples wene fEMMNRA (Los Angeles County N =
88; Ventura County N = 101), 16 were from OCSA (ahnge County), and one was from San
Diego County. Age, in years, was available for reals from SMMNRA and OCSA, and

ranged from O to 12 years.
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Prevalence of exposure

| observed widespread exposure of bobcats toaagidant rodenticide compounds.
Using liver samples (N =169), 88% of samples hadldempounds (Table 2.3; mean = 2.32,
median = 2.00). The range of total residues dedaatéver was 0.00 — 5.81 ppm (mean = 0.59,
SD = 0.80, median = 0.40). The compounds most &etiy detected were 3 SGARSs that
included bromadiolone, brodifacoum, and difethialoand 1 FGAR, diphacinone. Mean values
for the 4 most commonly detected compounds wegaitacoum, 0.14 ppm (SD = 0.20);
bromadiolone, 0.38 ppm (SD = 0.55); difethialon®40opm (SD = 0.31); diphacinone, 0.03
ppm (SD = 0.12). Brodifacoum and bromadiolone wrected most frequently in liver samples
(Fig. 2.4) and were detected approximately twic&exguently as difethialone or diphacinone.
FGARs warfarin and chlorophacinone were rarely@dettand coumachlor, another FGAR, was
not detected in liver samples. Seventy-seven peofall bobcats and 87% of those exposed
showed the presence»f compounds in the liver (N = 169).

In contrast, 39% of blood samples tested positwédRs (Table 2.3) ranging from 1-4
compounds (mean = 0.53 compounds, median = 0:0@®)obd, only one compound was
detected in 76% of cases. The total residues @gté@ctblood ranged from 0 — 0.16 ppm (mean =
0.002, SD = 0.01, median = 0.00). Diphacinonentiost commonly detected compound in
blood, was detected more than 3 times as frequaathyrodifacoum or bromadiolone (Fig. 2.4).
For animals with both blood and liver samples (B43, 92% were exposed, most frequently to
three compounds (median = 3.00, mean = 2.61, rasigeFor total residue concentrations in
combined liver and blood results, | detected aearfd).00 — 5.81 ppm (mean = 0.57, SD = 0.83,

median = 0.39).

90



Percent exposure was similar across sexes, ages|asd age measured in years using
liver or blood samples (Table 2.3). Two fetal bdbaaere exposed to anticoagulant compounds.
One animal was exposed to 2 compounds (brodifamahdiphacinone) while the other was
exposed to 5 compounds (brodifacoum, bromadioldipdacinone, difethialone, and
chlorophacinone). For both fetuses, all compouredeaded were above LOD but not
guantifiable. The mother of the fetus with 5 compdsiwas also tested for exposure and had
guantifiable levels of brodifacoum (0.32 ppm), beatiolone (0.58 ppm) and above LOD for
difethialone, diphacinone, and chlorophacinone ag-dld kitten that was tested was not found
exposed to ARs. Bromadiolone was detected above ioQBe liver tissue of the mother,
sampled approximately 3 months after the deathekitten. This adult female lived in the most
protected, natural region of SMMNRA where anticdagtiexposure was rarely documented.
She was also in a rehabilitation facility where bld a known diet and was unexposed to
anticoagulants for approximately one month priobitthing the litter, so the absence of
exposure in the kitten was not surprising.

Exposure did not vary by season when tested usiagdamples (Table 2.3). In contrast,
when tested using blood, animals were significamtbre likely to be exposed during the dry
season (OR = 2.58) compared with the wet seasdig3 2.4 and 2.5). Overall | detected 72%
more exposure during the dry season than duringréieseason with 32% exposure detected
during the wet season, and 55% exposure detectatydbe dry season. | did not detect a trend,
across sampling years of exposure prevalence odldamples. Using liver samples, | examined
exposure prevalence over time and found exposwrdeed 67% over all years indicating high
exposure prevalence throughout the study (Fig.)2E2@osure rates varied for each of 6

compounds across sampling increments (Fig. 2.2atifacoum, 50-92%; bromadiolone, 17-
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96%; diphacinone: 0-72%; difethialone, 16-35%; &drf, 0-4%; chlorophacinone, 0-9%).
Coumachlor was not detected in any liver tissueallexposure prevalence was highest during
2003-2004 and 2011-2012. There was significantg tetal exposure and bromadiolone
exposure in 2001-2002 compared with other yeatisdarstudy (Table 2.5, Fig. 2.2a).
Diphacinone exposure was significantly greaterd832004 and 2011-2012 compared with
other year increments (Table 2.5, Fig. 2.2a). Haxelboth total and bromadiolone residue
concentrations detected were greatest between 2008-although the differences in the residue
concentrations across time increments were notfgignt (Fig. 2.2b). These years included
OCSA samples, where significantly greater bromaxdielresidues were detected (Table 2.6, Fig.
2.5). Although the residue concentrations | detkat€2011-2012 were lower for all compounds
detected, the difference in exposure and residoeasdrations was not significant, and the
apparent decrease in residue concentrations resiét of having OCSA samples only for the
years 2006-2010 where bromadiolone residues wgnéisantly higher (see below and Fig.

2.1b, Appendix). Further, the decrease in totallznotnadiolone residues mirrors the County
reports | complied of the number of rodenticide pagiapplied across counties (Fig. 2.2¢ and
Fig. B.1c, Appendix). Sixteen percent (N = 28) of lmer samples were collected from August
2011 to July 2012, after the new EPA requiremest& effect. There were no significant
differences in exposure rates or residue concémisaafter the new EPA regulations took effect
in August 2011 (post-regulation: brodifacoum 87%,00ppm; bromadiolone 82%, 0.27 ppm;

difethialone 36%, 0.02ppm; compared with 2001-21Big. 2.2a-b and Fig. B.1a-b, Appendix).

Spatial correlates of exposure
For liver samples, buffer zone land use estimat®wvailable for 121 of 169 animals,

while for blood samples, buffer zone data werelatée for 196 of 206 samples. Exposure
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prevalence, measured using liver tissue, did mtifscantly differ between SMMNRA (89%,
95% ClI: 81 — 94; N = 104) and OCSA (84%, 95% CI=M™2; N = 55) (Fig. 2.5). However,
significantly higher concentrations of total resdubrodifacoum, and bromadiolone were
detected in liver tissue from OCSA compared withNBNRA (Fig. 2.5; Table 2.6). The mean
total residues, even with two outliers removed, Q& ppm for OCSA, compared with 0.40
ppm in SMMNRA. Brodifacoum was detected at sigmifitty greater concentrations in liver
tissue collected in OCSA (0.21 ppm) compared wNHVBNRA (0.12 ppm). The mean
concentration of bromadiolone detected in OCSA3@pm) was approximately three times the
mean concentration detected in SMMNRA (0.22 ppm).

Landscape variables were important predictors pbsdre in both blood and liver
samples (Tables 2.5 and 2.6). Percent naturalimesch individual buffer zone was negatively
associated with exposure in blood as measurededpthl number of compounds and total
residues, and exposure in liver by brodifacoum lanethadiolone concentrations (Table 2.6).
Golf courses and total altered open area wereipelsitassociated with exposure in blood (Table
2.5) and with total residues and the concentratodtsomadiolone and brodifacoum in liver
(Table 2.6).

All 3 agricultural categories (Table 2.1) and ta&gficultural area were positively
associated with exposure in blood (Table 2.5). Jlagricultural categories included crops,
pastures, orchards, and vineyards, horse rancheégther agriculture that comprised specimen
gardens, arboreta, abandoned orchards/vineyardsjuareries (Table B.1, Appendix). However,
brodifacoum exposure was negatively associated amiths, pastures, orchards, and vineyards
(Table 2.5), and given that SGARs are restrictedi$e indoors and within 200 m from human

structures, this negative association is not ssirggi. Commercial and industrial areas were
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positively associated with bromadiolone and diphace concentrations detected in liver
samples (Table 2.6). Water storage and transféitiexand total commercial and industrial
areas were positively associated with exposuréaadosamples (Table 2.5). Office and retail
area was positively associated with brodifacounceatration in liver samples (Table 2.6).
Residential areas were frequently positively aisded with AR values observed in both
blood and liver samples (Tables 2.5 and 2.6). Nartily high-density residential area was
positively associated with exposure in blood arahadiolone concentration in liver. Single-
family high-density residential area was amongriost frequent land use types to have positive
associations with anticoagulant exposure measboes3 of 11 anticoagulant exposure models
tested, the percent of single-family high-densetgidential area within the buffer zones was a
significant predictor. Single-family high-densitgsidential area was positively associated with
exposure in blood and liver and the total numbezamhpounds and total residues in liver
samples. Single-family high-density residential \abs® positively associated with brodifacoum
and diphacinone exposure and brodifacoum and briohoaé concentrations in liver. Total
number of compounds, total residues and conceotiatf brodifacoum and bromadiolone
measured in liver were positively associated wothltresidential area. Total residential area was
associated with exposure detected in blood and éimd exposure to brodifacoum and

diphacinone in liver.

Multivariate models
| found multivariate models best-suited to explamicoagulant exposure measures that
included total exposure detected in blood, diphaognexposure, total residues and brodifacoum

and bromadiolone residue concentrations (Table Zhg§ best-fit model for exposure detected in
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blood included season and percent natural areadswlitiffer zones. Total residential area and
the year sampled, specifically 2011-2012, weratibst important predictors of diphacinone
exposure detected in liver tissue. For total ressddetected in liver tissue, the best-fit model
included golf courses, single-family high-densiegidential, and OCSA as the most important
risk factors. For brodifacoum concentration detgateliver tissue, office and retail, single-
family high-density residential, and total altegzen space were the three most important
predictors of residue load. Finally, mixed commaraind industrial, golf courses, single-family
high-density residential, and OCSA were the mogtartant predictors of total bromadiolone

concentration in liver tissue.

Anticoagulants and mange

Of those individuals found dead in the study aféas 169), 83 did not have mange and
70 died with severe clinical mange. For 16 of It@viduals, their mange status was not
recorded and so they were excluded from analysis.miedian total residues for bobcats with
mange was 0.52 ppm (mean = 0.65, SE = 0.06), vidnileobcats that died without mange, the
median total residues was 0.24 ppm (mean = 0.53; @B9). The median concentration of
residues was significantly different between the gwoups (V= 2141.00P = 0.005) and the
distribution of residue concentrations within thtgroups also differed significantlip (= 0.28,
P = 0.004). The median number of compounds obsemasd3 (mean = 3.00) in bobcats with
mange and 2 (mean = 2.00) for bobcats without ma®igéy-four percent of bobcats without
mange tested positive fer2 compounds, while 93% of bobcats with mange destsitive for>

2 compounds.
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Clinical mange was associated with anticoagulapbsure, brodifacoum exposure,
brodifacoum concentration, difethialone exposungl, e total number of compounds detected.
Additionally, clinical mange was positively assdemwith total residential area, but this was the
only significant land use predictor (Table 2.6)eThean total residential area in mange bobcat
buffer zones was 32.20% (SD = 18.61, median = 2%8&pared with a mean of 23.32% for
bobcats without mange (SD = 19.60, median = 19 Af¢r controlling for multiple AR
parameters and land use, brodifacoum and difetea¢xposure remained significant predictors
of clinical mange and land use was not a signitiggedictor of clinical cases of the disease
(Table 2.7). | found a strongly significant asstiola between mange and total residuds05
ppm and total residues0.25 ppm (Fig. 2.3, Table 2.4). Bobcats that vexgosed te 0.05
ppm were 4.0 times (95% CI: 1.67-10.48) more likelglie with severe notoedric mange than
without, while those exposed ¥00.25 ppm were 3.2 times (95% CI: 1.51-6.84) mikay to
die with severe mange than without. Additionallpblserved a strong association between
exposure t@ 2 compounds and clinical mange (Table 2.4). Sjpadiy, bobcats were 7.3 times
(95% CI: 2.55-25.70) more likely to die with sevenange than without if they were exposed to
2 or more AR compounds. There were also signifieasbciations between mange and exposure

to> 3 and> 4 compounds (Table 2.4).

Anticoagulants and mortality

Anticoagulant exposure detected in blood was 8aamitly more frequent in samples
collected postmortem compared with samples colieatdemortem (Tables 2.4 and 2.6). In 75%
of blood samples collected postmortem (N = 20gtkdted at least one AR compound. When

blood samples collected at the time of mortalityevexcluded from blood AR prevalence
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estimates, | detected a 34% exposure prevalendead samples collected at the time of animal
capture (N = 175) compared with 39% overall (N $)1L%or blood samples collected at the time
of mortality, ARs were detected in 77% of bobcattt died of mange (N = 13), 100% of bobcats
that died of vehicle collision (N = 5), and a bobitet died of starvation after a wildfire. Three
bobcats that died of mange, one from a controbactind another that died of unknown cause

did not have detectable ARs in their blood.

DISCUSSION

| documented widespread exposure of bobcats te éinel second-generation
anticoagulant rodenticides. Bobcats are obligateiwares that consume a wide range of small
mammals (Anderson and Lovallo 2003) including mre¢s, and gophers (Fedriani et al. 2000,
Riley et al. 2010) that are frequent targets of peatrol campaigns within SMMNRA (Morzillo
and Mertig 2011a, 2011b, Morzillo and Schwartz 2@4rtos et al. 2012) and elsewhere
(Morzillo and Mertig 2011b). Given that bobcats abdigate carnivores that generally eat live,
or recently dead, prey and are not omnivores thiafreits and nuts, it is very unlikely that they
consume rodent baits directly. Thus bobcat expasubdRs is likely to be predominantly, if not
entirely, secondary. Exposure rates and compouetgsidd varied considerably by sample type,
but in my most completely sampled animals havirgp8land liver data, | detected an exposure
rate of 92% across the study areas, with animak mequently exposed to 3 or more
compounds. These findings are among some of theekigeported prevalence rates for AR
exposure in a nontarget predatory species (e.gyRilal. 2003, Shore 2003, Fournier-
Chambrillon et al. 2004, Walker et al. 2008, Geimdl Riley 2010, Elmeros et al. 2011, Gabriel

et al. 2012, Sanchez-Barbudo et al. 2012). Additignthe combined liver and blood results
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indicate that both exposure prevalence and expasureiltiple compounds, specifically
diphacinone, may be underestimated with liver sasiplone. | detected exposure to multiple
compounds in two fetal bobcats, the first such gagemy knowledge, reported for any wildlife
species. These data indicate multiple exposuretgewecurring for bobcats across multiple
regions in southern California, and suggest themg@l for chronic exposure to ARs that can
begin during prenatal development.

The toxicokinetics (the movement of toxic subsemwithin the body) of ARs varies by
compound, dose, and host species, and there agecdic toxicokinetic studies in wildlife
species. For example, the amount of time requoethie compound concentration in plasma to
be reduced by one-half of the initial plasma coteion (plasma half-life) is reported to be 2-
10 days for brodifacoum in dogs (Woody et al. 19R@bben et al. 1998) compared with
approximately 92 days in mice (Vandenbroucke e2@0D8). For domestic cats, to my
knowledge, only LD50 levels of some compounds Haaen reported (Erickson and Urban
2004). However, hepatic half-lives for ARs are gatig reported across multiple species to be
significantly longer than plasma half-lives, pautarly for SGARs (Kamil 1987, Robben et al.
1998, Petterino and Paolo 2001, Vandenbroucke 208B). Of 8 anticoagulant compounds
orally administered to laboratory mice, the heph#tf-lives of 5 compounds were 3-4 times
longer than observed in plasma (Vandenbroucke €08B). The toxicokinetics of secondary
AR exposure is perhaps more complex because themmaw of the residues in both the primary
and secondary consumer must be considered (Ericksbirban 2004). | am thus limited in my
ability to interpret bobcat AR exposure resultswispect to dose and time since exposure for

either blood or liver sample data. However, becadusest frequently detect diphacinone in
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blood despite its having a shorter plasma halfthien SGARs (Erickson and Urban 2004),

diphacinone may be the compound that bobcats eteonmost frequently in SMMNRA.

Risk factors for exposure

Exposure prevalence detected using liver tissuehigdsthroughout the course of the 16-
year study, ranging from 67 to 100% for each Z-t@ar time period, indicating high risk of AR
exposure in bobcats since at least 1997. Despiteased awareness and concern for the impacts
these compounds pose to nontarget wildlife in regears (Erickson and Urban 2004, US EPA
2008), particularly in California (Gabriel et aDZ22, California Department of Pesticide
Regulation 2013), my samples indicated an increaegerall exposure both in prevalence and
residue concentrations since 2002. Specificalligtected significant increases in total AR
exposure, bromadiolone exposure, and total numiggtected compounds. However, with the
exception of diphacinone, overall exposure prevaemnd exposure to individual compounds
appears to have been relatively constant from ZW2. Total compound and bromadiolone
residues detected were highest from 2005-201Gjrteincrements for which OCSA samples
were available which reflects the degree of bromwladie use in Orange County. Diphacinone
exposure also increased in frequency over the eafrsy study, reaching a high in 2011-2012.
Despite this increase, the quantity that was agplieeach county as reported to DPR does not
appear to have significantly changed over the @afshe study (Figure 2.2c and Figure B.1c,
Appendix). Thus, increased diphacinone exposurelmeape result of increased use of the
compound in residential areas by home owners asidcpatrol companies that do not report the
amount of ARs applied annually. In fact, single-figrhigh-density and total residential area

were important predictors of diphacinone exposbDighacinone is a first-generation compound
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and is considered to pose less risk to nontarddtif@ithan the more toxic SGARSs (Erickson
and Urban 2004), although the degree to which taereadditive or interactive effects between
diphacinone and second generation ARs is unknowrhé&r, FGARSs still pose toxic effects to
wildlife and secondary exposure can be a directcgoof mortality for some species (Littrell
1988, Stone et al. 1999, Riley et al. 2003). Despéw restrictions in the U.S. that limit the sale
and distribution SGARs that took effect in June QUIS EPA 2008), | did not detect a decrease
in SGAR exposure or residue concentrations sinne 2011. However, given the long hepatic
half-lives of SGARSs, an insufficient period of timeay have passed to detect the reduced
environmental impact intended with the new regalati Further, | have no evidence that SGAR
availability decreased immediately after the Jud®12 In many cases, there is an allowance to
exhaust existing stock and a major SGAR manufachae appealed the EPA mitigation
regulations.

Bobcats had a significantly higher risk of AR exp@sduring the dry season; | detected
more than twice as much AR exposure during thesdason compared with the wet season. The
risk of secondary poisoning for predatory speciesld be highest during peak efforts of rodent
control and seasonal variation in AR concentratiowildlife have been found to coincide with
variations in rodent population size and intensftgontrol efforts (Fournier-Chambirillon et al.
2004). In southern California, the dry season ddeswith peak rodent activity (Meserve 1976),
and residents in the region are known to use ARarget rat, mice, squirrel, and gopher
populations (Morzillo and Schwartz 2011, BartoaleR012). Although | detected no seasonal
differences in exposure in liver samples, the Ibapgatic half-lives of SGARS likely obscured
my ability to detect seasonal differences. Addiilby) because SGARs may persist in small

mammal species from 90 to 135 days after removpbdon baits, poisoned small mammals
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remain a continuing source of exposure for pregatpecies long after the end of poisoning
programs (Murphy et al. 1998, Sage et al. 2008).

Because an accumulated risk of exposure may odtlhiawimal age, and female bobcats
have smaller home ranges and are less likely tasn areas compared with males (Riley et
al. 2003, 2010), | expected to detect demograpiffierences in AR exposure prevalence and
residue concentrations. However, neither age nosigmificantly influenced the probability of
exposure in my study areas. Sex differences in ¥#sure have been observed in stoats
(Mustela erminepand because female stoats consume more small miartimn males, the
dietary difference was hypothesized to explain @ighR exposure prevalence in females
(Murphy et al. 1998, McDonald et al. 1998). Witlhny study areas, the prevalence of exposure
was high and may obscure my ability to detect deapyc differences in AR exposure. Further,
the relatively high mobility of some rodent speaiesy lead to AR exposure in even those
individuals that avoid the use of urban areas. Baibd mice Apodemus sylvaticuand house
mice Mus domesticysvere found exposed to multiple AR compounds imthirn Ireland even
though they were sampled in agricultural areas &/ts were not in use (Tosh et al. 2012).
Thus, movement of individuals between areas whé&edntrol efforts differ may occur (Tosh
et al. 2012) and the risk of secondary AR exposupedatory species may not be limited to

areas where ARs are in use.

Spatial predictors of exposure
The significant association between AR exposureiagigdidual land use types,
particularly the percent of residential, commercaald altered open areas within bobcat buffer

zones, likely reflects the degree of AR use in ¢haeas. Previous studies have found an
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association between developed areas and AR exposnoatarget wildlife. Ninety-five percent
(N = 74) of wildlife carcasses sampled across Galifh from 1994-1999 with exposure to ARs
were reported to have been collected in areassagtiificant urban development (Hosea 2000).
However, specific information about what type amel intensity of the urban development where
individuals were sampled was not described inghugy, although some animals were reported
to have been sampled in recently urbanized argasead to natural habitat. Previous studies
found a significant positive association betwedaltAR concentrations and the percent of
bobcat (Riley et al. 2007) and mountain lion (Batal. 2010) radio-locations in areas altered
by human development, including areas classifiealtased open areas and areas of more
intense urban development (e.g. composite resalentmmercial, and industrial areas). These
past studies were less specific in their examinatifcthe influence of urbanization and land use
on animal AR exposure. For example, Riley et 07 categorized the landscape into three
general categories (e.g., natural, altered opeasaox developed). Unlike these previous studies,
| measured the influence of fine-scale spatial lagel categories on anticoagulant exposure and
found evidence of exposure across a wide varietgraf type designations.

Single-family high-density residential (5 — 10 himgsunits/ha) and golf courses were
among the most frequent risk factors for variousisnees of anticoagulant exposure in spite of
comprising a relatively small percentage of thelgtareas (15.92% and 1.39%). Single-family
high-density residential area was a significantjmter of exposure in 8 of 11 models as well as
an important predictor of exposure in 3 of 5 béstalltivariate spatial models (total,
brodifacoum, and bromadiolone concentration). Tigaidential area was also an important
predictor of diphacinone exposure. Although altespdn areas were significant predictors of

exposure in only 4 of 11 univariate AR exposure eiedested, golf courses and total altered
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area were significant risk factors in 3 of 5 besstrultivariate models (total residues, and
brodifacoum and bromadiolone residues), suggesghigig importance as a risk factor for AR
exposure and toxicant loads.

In a recent study in 2 southern California areAdNIBIRA, Bakersfield), residents in
single-family high-density structures were the mib&ly to use ARs to control pest populations
compared with multifamily or single-family low-datsstructures (Morzillo and Schwartz
2011). Further, resident AR use was highest insairealose proximity to open areas, whether
natural or altered open, compared with resideatiehs farther away from open spaces. Golf
courses and other altered open spaces in the atadyg are typically surrounded by, or very near
to, single-family housing units. Of 21 golf coursesny study areas, 19 are bordered on at least
1 side by single-family high-density residentiazd¢@s. Because AR use may be elevated in areas
with altered open space in close proximity (Morz@ind Schwartz 2011), the high association
between AR use and altered open areas may al$® lvedult of increased AR use in the single-
family residential areas nearby golf courses. IlCBSwhere bobcats had significantly greater
brodifacoum and bromadiolone residue loads, thenrpeecent of golf courses in bobcat buffer
zones was nearly 5 times greater than in SMMNRAemaally contributing to increased residue
loads in OCSA. Overall, although these types oaarevelopment may comprise a relatively
small proportion (< 25%) of the study areas, Mdozt al. (2011) has suggested that even a
small degree of AR use in residential areas cahtieaignificant risk of exposure for wildlife.
Further, both bobcats (Riley et al. 2010) and cey¢Gehrt and Riley 2010) have been observed
to routinely utilize residential and altered opeeas such as golf courses, increasing their
probability of exposure to ARs if the compoundsragularly used in these or nearby, areas.

The percent of natural habitat was negatively aasedt with both first- and second-
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generation AR exposure and total residue conceémtsatletected. However, of 3 animals whose
buffer zones were comprised of 100% natural hgHit¥tected two with above LOD levels of
bromadiolone in their liver tissue, and 1 indivitugth diphacinone residues in its blood. These
data indicate that ARs may also affect wildlifettlsafound within protected park areas. Both of
the individuals with bromadiolone residues weraaambllared during ongoing NPS research in
SMMNRA, and their documented home ranges also dicgrtend beyond protected park
boundaries (Riley et al. NPS unpubl.data). PrevidBS research on coyote utilization of urban
areas found that even animals with the lowest uassociation died directly from AR toxicosis
(Riley et al. 2003). A recent study on fishevkaftes pennan}j a remote forest carnivore in
protected undeveloped parkland in northern Califgriound 79% of fishers exposed to ARs and
4 died directly of toxicity (Gabriel et al. 2012)he authors hypothesized that illegal marijuana
cultivation in remote areas was the source of AR$eir study area. Within SMMNRA, illegal
marijuana cultivation is also a regular occurreacd so this may also be a source of AR

exposure for animals that reside entirely in pri@@ark areas.

Consequences of exposure

Although the prevalence of AR exposure was veri aig92%, AR exposure alone does
not appear to be a significant source of directtality for bobcats, as there are very few cases of
AR toxicosis in bobcats in the literature. Nonghs bobcats in OCSA died directly of
anticoagulant toxicity, and in a broader study @fpning cases of wildlife in California, Hosea
(2002) observed clinical signs consistent with@agulant toxicosis in two bobcats, 1 of which
was an individual from SMMNRA (Riley et al. 200During a bobcat ecology study in Marin

County, a radio-collared bobcat died of anticoagutaxicity and chlorophacinone was detected
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in the liver tissue (Riley 1999). AR exposure waspected to have caused gastrointestinal
bleeding in bobcats that died of severe mange ard exposed to ARs, though other clinical
signs of anticoagulant toxicity were absent (Sevietyal. 2013). Domestic cats are reported to be
more tolerant of AR exposure than dog or rodengst€fino and Paolo 2001, Erickson and

Urban 2004). Whether this tolerance is similanddld felids is unknown, but if so, it may
account for the relatively few cases of toxicodiserved. However, felid tolerance to low-grade
AR exposure may increase their vulnerability to anlglethal toxicosis.

In SMMRNA, secondary anticoagulant rodenticide esyye was associated with a
population decline (Riley et al. 2007) and a genkedttleneck (Serieys et al. unpubl. manuscript)
that occurred due to notoedric manb@toedres caji All 19 bobcats with advanced mange
tested positive for ARs, and there was a statistissociation between notoedric mange and AR
residues> 0.05 ppm (Riley et al. 2007). Notoedric mange aglticle collisions are the primary
sources of mortality for bobcats in the study al@&ikey et al. 2010, Serieys et al. unpubl.data,
Riley et al NPS unpubl.data, Boydston et al. USGS unpubl.dilapedric mange is an
increasing problem for bobcats in California witses now documented in 8 counties in
northern and southern California. Across all osthareas, animals that died of notoedric mange
were also found to be exposed to ARs wheneverwests conducted (Serieys et al. 2013, D.
Clifford, pers.comm.). Interestingly, 67% (N = 11ff)severe bobcat mange cases observed in
central and southern California from 2002-2012 owsnliduring the dry season (Serieys et al
unpubl.data), which is coincident with increased é&fposure detected in blood samples. In my
study, 69 of 70 bobcats that died with severe mavege exposed to ARs. With my enhanced
sample size, multiple study areas, and longer pereod, | also detected a strong association

between total AR residues0.05 ppm and notoedric mange and a significarmicesson

105



between total residues0.25 ppm and notoedric mange (Fig. 2.3). Findlalso detected a
strong association between exposure focompounds and notoedric mange. Detection of
multiple compounds and high residue concentratiom@ssingle individual suggests multiple
exposure events. Thus, a single anticoagulant exp@vent itself may not increase bobcat
susceptibility to mange, but rather repeated exgosuents may be an important predictor of
potential sublethal effects such as increased ptibdity to mange. These latter findings are
perhaps more compelling evidence of an associaibtween the disease and total anticoagulant
residues> 0.05 ppm. The proposed threshold of 0.05 ppmusvatent to detection of AR
exposure because the lower detection limits of scongounds, including bromadiolone are
0.05 ppm, while the detection limits of chlorophrarie, diphacinone, and difethialone are 0.25
ppm.

Severe mange in free-ranging wildlife and domestiicnals is often associated with
decreased immune competence (Pence and Uecker®@g)) and humans that are
immunocompromised are also more likely to suffeese, crusted forms of mange due to
infestation with a related mit&arcoptes scabi€iValton et al. 2004, Roberts et al. 2005). The
mode by which anticoagulant rodenticide exposurgccoompromise bobcat immunity is
unknown, although recent studies in humans ana@oratory rats have shown therapeutic doses
of warfarin to have both immunostimulatory and sespive effects when administered 4680
days (Kurohara et al. 2008, Belij et al. 2012, Rogpial. 2013). Laboratory experiments have
also shown that interactive effects between sualetkposure to anticoagulants and other
stressors can induce mortality. For laboratoryarat rabbit populations, sublethal anticoagulant
doses produced 40-70% mortality when combined atitier stressors, such as frostbite (Jaques

1959). Similarly, when stressed by shearing andivaap merino sheep required lower doses of
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the AR pindone to die as a result of anticoagulaxicosis (Robinson et al. 2005). Recently, a
potential interaction between the toxic effectglobrophacinone and a bacterial pathogen,
tularemia Francisella tularensis)in common volesMlicrotus arvali§ was described (Vidal et
al. 2009). Voles that were infected wkttularensisdied at lower doses of chlorophacinone than
uninfected voles. Tularemia prevalence was alsbérign areas treated with chlorophacinone,
and the authors suggested that the AR field treatmey have also facilitated the spread of the
disease in the affected vole population.

Sublethal AR exposure may also negatively affedividuals directly and potentially
have population-level effects if prevalence is highDenmark, there was a negative association
between anticoagulant exposure and body conditiaveiaselsNlustela nivali$ and stoats
(ElImeros et al. 2011). A reduced escape resporssbden observed in rats dosed with ARs (Cox
and Smith 1992), and if carnivores secondarily sgpgado ARs have a similarly reduced
response to threats, they may be more vulnerablehtle collisions or predation. EImeros et al.
(2011) found that for both stoats and weasels gthiost were sampled after being trapped had
significantly lower total AR residue concentratidhan those sampled after vehicle collisions
and predation events. Although | have a limited@amsize (N = 5), 100% of animals that died
of vehicle collisions for which | collected blooogtmortem had detectable AR residues in their
blood (compared with 34% of captured animals), esgjgg that recent AR exposure events
potentially increases bobcat vulnerability to véioollision. Within SMMNRA, of 71 cases of
animals that were killed by vehicles from 1996-2080% of cases occurred during the dry
season (Riley et al. NPS unpubl.data, Serieys enalubl.data), which is also the season of

increased AR detection.
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Bobcats with severe mange also exhibit altered\behthat increases their susceptibility
to other primary sources of mortality. For exampléhough bobcats are primarily nocturnal,
especially in urban populations (Riley et al. 2Q@®)bcats with severe mange infestation are
frequently observed wandering in urban areas duayjght hours (Riley et al. NPS
unpubl.data, Serieys et al. unpubl.data). Thidesthi&ctivity pattern likely increases their risk of
being hit by vehicles, and one severely mangy biobea killed after wandering into traffic on a
busy freeway off-ramp. This vulnerability to otremrurces of mortality secondary to severe
mange could be exacerbated if these bobcats wareedently exposed to ARs. Specifically, |
observed that 77% of bobcats with severe mange 1B)=compared with 34% of captured
bobcats, had detectable AR residues in their blG@d@® cases of bobcat predation by domestic
dogs in SMMNRA, each was a bobcat with severe rsioenange (Riley et al. NPS
unpubl.data).

Our findings of fetal AR transfer raise the questieghether there may be potential
reproductive consequences for bobcats. Contamexquusure that interferes with the
reproductive success of wildlife populations mayalaitical conservation issue since this
exposure can lead directly to population declihéssted two bobcat fetuses, 1 from each study
area and both were exposed to multiple AR compouwrittisl exposed to 5 compounds.
Reproductive consequences associated with AR 