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ABSTRACT.—Although habitat fragmentation is recognized as a primary threat to biodiversity,
the effects of urban development on genetic population structure vary among species and
landscapes and are not yet well understood. Here we use non-invasive genetic sampling to
compare the effects of fragmentation by major roads and urban development on levels of
dispersal, genetic diversity, and relatedness between paired bobcat populations in replicate
landscapes in coastal southern California. We hypothesized that bobcat populations in sites
surrounded by urbanization would experience reduced functional connectivity relative to less
isolated nearby populations. Our results show that bobcat genetic population structure is
affected by roads and development but not always as predicted by the degree that these
landscape features surround fragments. Instead, we suggest that urban development may affect
functional connectivity between bobcat populations more by limiting the number and genetic
diversity of source populations of migrants than by creating impermeable barriers to dispersal.
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INTRODUCTION

Habitat loss and fragmentation are recognized as primary threats to biodiversity (Wilcove
et al., 1998), and urbanization is a leading agent of habitat destruction and cause of species
endangerment (Czech et al., 2000). Yet, how habitat fragmentation, the subdivision of
natural habitats into isolated and small patches, impacts genetic population structure is not
well understood, because fragmentation effects are heterogeneous across populations,
species, and habitats (Thompson et al., 2001; Jellinek et al., 2004; Culley et al., 2007;
Keyghobadi, 2007; Santos et al., 2008; Delaney et al., 2010). The majority of studies published
between 1996 and 2006 that investigated the effects of fragmentation on genetic population
structure across replicate landscapes found repeated patterns of lower genetic diversity
(,58% of studies) and greater population differentiation (,69%) in fragmented habitats,
as would be predicted for small and isolated populations (Keyghobadi, 2007); the remaining
studies, however, reported reverse relationships or showed that fragmentation impacts
varied among landscapes. Fragmentation effects vary due to a number of factors, such as the
size and age of the fragment, the permeability of the intervening matrix, the spatial
proximity of fragments to other populations, and the genetic variability of any potential
source populations (Jellinek et al., 2004; Culley et al., 2007; Santos et al., 2008; Delaney et al.,
2010). As a result, the genetic effects of fragmentation across species, or even within a
species across different landscapes, may prove difficult to predict, and examination of such
impacts should include replication to evaluate if observed effects are consistent (Culley et al.,
2007; Keyghobadi, 2007).

Fragmentation can reduce functional connectivity, or the flow of organisms between
populations (Tischendorf and Fahrig, 2000). Preserving connectivity is an important means
of preventing detrimental genetic effects that can occur in small isolated populations due to
inbreeding and genetic drift, processes that can increase extinction risk (Keller and Waller,
2002; Frankham, 2005; Wright et al., 2008). Genetic diversity is considered essential for the
ability of species to avoid inbreeding depression and to adapt to environmental change
(Girman et al., 1997; Frankham, 2005). The risk of inbreeding depression is greatest in
species without histories of close inbreeding and whose decline is primarily caused by
gradual habitat loss (Jamieson, 2007). Gene flow, a measure of functional connectivity, may
vary among species because it is largely determined by the extent to which landscapes are
permeable for dispersal between fragments (Johansson et al., 2005; Uezu et al., 2005; Crooks
and Sanjayan, 2006). Studies on species with limited mobility have shown that populations
that are fragmented by roads and other urban development have substantially reduced gene
flow and genetic diversity, even for populations that have been isolated only recently
(Vandergast et al., 2009; Delaney et al., 2010). Yet urban fragmentation may not affect
functional connectivity for species with greater mobility in the same manner (Culley et al.,
2007).

Restricted connectivity and subsequent genetic effects are of particular concern for
mammalian carnivores because of their relatively low population densities, large ranges, and
sensitivity to habitat fragmentation (Paetkau et al., 1998). Carnivores avoid inbreeding and
loss of genetic diversity primarily through dispersal (Creel, 1998; Girman et al., 1997), but
relatively little is known about carnivore dispersal because it is infrequent and survival rates
of dispersers are relatively low (Van Vuren, 1998; Kenward et al., 2002). Thus, genetic
monitoring may be able to detect landscape features that restrict connectivity sooner than
do traditional monitoring methodologies, such as telemetry (Vos et al., 2001; Vandergast
et al., 2009). Only a few studies have examined the effects of habitat fragmentation on
genetic population structure of mammalian carnivores within two or more replicate
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landscapes (Kyle and Strobeck, 2001; Dallas et al., 2002; Banks et al., 2005), and these did not
address the effects of isolation resulting from urban development.

In coastal southern California, urban fragmentation in conjunction with high levels of
species endemism has created a global hotspot of endangerment and extinction (Wilson,
1992; Dobson et al., 1997). Large carnivores can serve as valuable indicator species of
landscape connectivity and isolation in coastal southern California (Crooks, 2002; Hunter
et al., 2003). Specifically, bobcats (Lynx rufus) are sensitive to fragmentation in southern
California and have a low probability of persisting as habitat fragments become increasingly
isolated and small (Crooks, 2002). Dispersal of bobcats across major roads and urban
development results in lower than expected levels of gene flow (Riley et al., 2006). Thus,
urbanization likely affects the genetic population structure of bobcats in the south coast
ecoregion.

The objectives of this study were to use non-invasive sampling to examine whether the
degree to which major roads and urban development surrounding habitat fragments can be
used to predict the relative genetic isolation of bobcat populations in coastal southern
California. We compared genetic diversity, relatedness between individuals, genetic
structure, and dispersal between populations that differed in their level of isolation by
surrounding urban development within paired sites in two replicate landscapes. We
hypothesized that bobcat populations in sites that were more completely surrounded by
roads and development would experience less functional connectivity relative to less
isolated nearby populations. Populations in fragments with less functional connectivity
should then exhibit characteristics of greater genetic isolation, such as reduced genetic
diversity, greater relatedness between individuals, distinct genetic structure from nearby
populations, and reduced dispersal.

MATERIALS AND METHODS

STUDY SITES

We conducted our surveys on populations of bobcats within paired sites of natural habitat
in two regions of coastal southern California: the Coast and Central sites in the Orange
County (OC) region, south of Los Angeles, and the Simi Hills and Topanga sites in the
Santa Monica Mountains (SMM) region, north of Los Angeles (Fig. 1). Within each pair,
sites differed in the degree to which they were surrounded by adjacent major roads and
urban development. This paired design allowed us to better control for factors that may be
affecting bobcat populations other than urbanization and proximity to other areas of
natural habitat.

We classified land use within and surrounding the study sites using the Southern
California Association of Governments (SCAG, 2005) land-use dataset and vegetation
cover data downloaded in 2007 (LANDFIRE, http://www.landfire.gov/) with ArcView 3.3
(Environmental Systems Research Institute, Redlands, CA). We then defined patches of
natural habitat versus urban areas using a majority rule, which allowed us to view the
landscape at a coarser grain than the original land use data (Chrisman, 1997; Johnston,
1998; Figs. 1A and 1B). Under the majority rule, each 30 m by 30 m raster cell was part of a
habitat patch if the majority ($50%) of a 1-km diameter circle around the center of each
raster cell was coastal sage scrub, chaparral, oak woodlands, riparian woodlands, or
grasslands; this broad set of natural vegetation types was selected because bobcats are habitat
generalists (Crooks, 2002; Riley et al., 2003, 2010; Ordeñana et al., 2010). Otherwise, the
raster cell was not included as part of a habitat patch. Study site boundaries were
approximated from the boundaries of the sampled habitat patches as defined by the
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majority rule, except for portions of the boundaries of the Simi Hills and Topanga study
sites, which were delineated by roads where sampling transects ended; and the southern and
eastern boundaries of the Central site, which were defined using a convex hull around
trapping locations. The entire boundary of the Coast site corresponded with the boundary
of the sampled habitat patch as defined by the majority rule.

ISOLATION BY MAJOR ROADS AND URBAN DEVELOPMENT

We measured isolation by major roads and urban development for each site using three
criteria we developed based on features of urban development that are known to affect
bobcat movement and habitat use (Fig. 1). The first criterion was an approximation of the
relative permeability of the urban development immediately surrounding each study site,
which we defined as the percentage of all natural habitat vegetation types in a 1-km buffer
zone surrounding each site’s boundary. For this analysis, land cover within the buffer was
not reduced to a coarser grain with a majority rule. The rationale for the first criterion is
that bobcats rely on natural areas and tend to avoid urban development (Crooks, 2002;

FIG. 1.—Study sites in Orange County (OC), California, south of Los Angeles, and in the Santa
Monica Mountains (SMM), California, north of Los Angeles, are shown with areas of natural habitat and
urban development. Inset (A) shows the Simi Hills and Topanga sites in the SMM region, sampled in
2004. Inset (B) shows the Coast site sampled in 2003–2004 and 2006–2007, and the Central site sampled
in 2003–2004 in the OC region. Insets depict study sites and other habitat patches as defined by the
majority rule and the three criteria used to determine fragment isolation: one kilometer buffers
surrounding each site, proportion of each site’s boundary adjacent to other habitat patches, and the
major roads and ocean that encircle each site (see text)
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Lyren et al., 2008; Ordeñana et al., 2010; Riley et al., 2003, 2006, 2010). Telemetry locations
of radio-collared bobcat within urban development are not commonly recorded farther
than 1-km from areas of natural habitat in this region (Riley et al., 2003, 2006; Lyren et al.,
2006).

The second criterion was the percentage of each study site’s boundary that was directly
adjacent to another habitat patch (see Fig. 1). For this analysis, habitat patches adjacent to
each study site boundary were defined by the majority rule, as described above. The
rationale for this criterion is that habitat patches directly adjacent to the study site
boundaries are more likely to facilitate functional connectivity than adjacent urban
development (Tigas et al., 2002; Crooks and Sanjayan, 2006; Riley et al., 2010).

The final criterion was whether or not major roads (i.e., freeways or major secondary roads
that had speed limits .50 mph, $four lanes of traffic, and divided by direction) or ocean
completely encircled the site, separating it from other natural habitat. Bobcats generally
avoid crossing busy, paved roads, particularly freeways, and territories will tend to build up
alongside major roads rather than straddle over them (Riley et al., 2003, 2006, 2010).

Thus, within each region, the more isolated site of the pair had a smaller proportion of
natural habitat in the 1-km buffer zone, a smaller proportion of its boundary connected to
natural habitat, and was completely encircled by major roads or ocean.

SAMPLE COLLECTION AND GENOTYPING

To ensure that every individual in each population had a reasonable chance of being
sampled, fresh (#4 d old) scat and hair samples of mammalian carnivores were sampled
using scat transects and hair snares along common paths of movement (roads, trails, and dry
creek beds; MacDonald, 1980) that thoroughly covered each site (Ruell and Crooks, 2007;
Ruell et al., 2009). In the OC region, the Coast site was sampled in 2003–2004 and then
again 2006–2007. We analyzed samples from each period separately, because they likely did
not represent the same set of individuals (i.e., many bobcats sampled in the first period were
likely absent from the second period and vice versa). During the first sampling period in
2003–2004, hair and fresh scat of mammalian carnivores were collected at 3 to 4-d intervals
over a 14-d period in spring 2003 (Ruell and Crooks, 2007) and then re-sampled for fresh
scat at 4-d intervals over a 16-d period in summer 2004. During the second sampling period
in 2006–2007, blood and tissue samples were obtained from bobcats trapped along paths of
movement throughout the Coast site as part of an ongoing GPS telemetry study and from
bobcats killed by vehicle collisions within or directly bordering the site during this period
(Lyren et al., 2008). In the Central site, fresh scat and hair samples were collected at 3 to
4-d intervals over a 14-d period in spring 2003 (Ruell and Crooks, 2007). In addition,
we obtained blood samples from bobcats trapped along common paths of movement
throughout the Central site in 2003 and 2004 as part of an ongoing GPS telemetry study
(Lyren et al., 2006; Fig. 2). In the SMM region, fresh scat samples from mammalian
carnivores were collected throughout the Simi Hills and Topanga sites at 4-d intervals over a
16-d period in summer 2004 (Ruell et al., 2009).

We extracted genomic DNA from blood samples using the QIAampH DNA Mini Kit blood
spin protocol, from hair and tissue samples using QIAampH DNA Mini Kit standard tissue
protocol, and from scat samples using the QIAampH DNA Stool Mini Kit stool protocol
(Qiagen, Inc., Valencia, CA). We identified hair and scat samples from bobcat using the 16S
mtDNA restriction digestion method (Mills et al., 2000). Samples from other species were
not analyzed further. All confirmed bobcat samples were genotyped using four
microsatellite loci (FCA026, FCA045, FCA077, and FCA132; Menotti-Raymond et al.,
1999), using M13-tailed primers (Boutin-Ganache et al., 2001) and a modified multiple
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tubes approach (Ruell and Crooks, 2007). The use of only four loci and the multiple tube
approach for hair and scat samples minimized the risk of adding ghost individuals to the
sample due to higher genotyping error rates for noninvasive samples, which can bias
estimates of allele frequencies and heterozygosities (Taberlet et al., 1996, 1999; Ruell and
Crooks, 2007). Ruell and Crooks (2007) found that these four polymorphic microsatellite
loci were sufficient to differentiate individuals sampled at nearby sites with a high level of
confidence; the observed probability of identity (P(ID)obs) was zero with just three loci, and
the conservative probability of identity between siblings (P(ID)sib) was estimated to be 0.02
with four loci (calculated as P(ID)sib 5 0.25 + (0.5gpi

2) + (0.5g(pi
2)2) 2 (0.25gpi

4), where pi

is the frequency of the ith allele; Waits et al., 2001; Ruell and Crooks, 2007).
Genotypes were matched using the Excel Microsatellite Toolkit (Park, 2001) to identify

samples that originated from the same individual. Closely matching genotypes were
rechecked for scoring errors. Final lists of individual genotypes were compiled for each site.
In the OC region, there were 15 bobcats from the Coast site in 2003–2004, 22 from the Coast
site in 2006–2007 (four individuals were sampled in the Coast site in both 2003–2004 and
2006–2007) and 38 from the Central site. In the SMM region, there were 19 bobcats from the
Simi Hills site and 19 from the Topanga site. Despite our relatively small sample sizes, we are
confident that a majority of individuals at each site were sampled. Based on population size
estimates using a closed-population heterogeneity estimator, our samples represented 68% of
the population in the Simi Hills site (19/28) and 73% of the population in the Topanga site
(19/26; Ruell et al., 2009) when using only scat sampling; trapping and collecting road-killed
bobcats provided even larger sample sizes than scat sampling of the same sites. Thus, we
assumed that our samples were representative of the populations in subsequent analyses.

FIG. 2.—A female bobcat that was trapped within the Central site in 2004 as part of a concurrent GPS
telemetry study
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Each population was tested for Hardy-Weinberg proportions of genotypes at each locus
and for linkage equilibrium between pairs of loci using program GENEPOP (Raymond and
Rousset, 1995) and a Bonferroni correction for a family-wide a 5 0.05 (Rice, 1989).

GENETIC DIVERSITY AND RELATEDNESS

We compared levels of genetic diversity between populations within each region using the
average number of alleles per locus, the observed heterozygosity (HO), and the expected
heterozygosity (HE) for each population, estimated using program GDA (Lewis and Zaykin,
2001), and the average allelic richness (A) per locus, corrected for differences in sample
size, using program FSTAT version 2.9.3 (Goudet, 2001).

We compared the proportion of close relatives between populations within each region to
evaluate the effects of isolation on the genetic relatedness (R) between pairs of individuals.
We identified close relatives as pairs of individuals with R $ 0.25 with statistical significance
(a 5 0.05) using log-likelihood calculations in program KINSHIP version 1.3.1 (Goodnight,
2006). We compared the proportion of close relatives between populations within each
region using Pearson’s Chi-square tests using Epi Info version 3.3.2 (CDCP, 2005).

POPULATION STRUCTURE

We tested for population genetic structure within each region using pair-wise FST values
with 95% confidence intervals obtained by bootstrapping across loci using program GDA.
Although the use of FST to measure population differentiation has recently been questioned
(e.g., Jost, 2008), when mutation rates are relatively high (as with microsatellites), but low
relative to migration rates, FST likely remains the best tool for assessing demographic
processes that lead to population structure (Whitlock, 2011). We also used program
STRUCTURE 2.3.3 to test for population substructure across all populations and across
populations within each region without using a priori population assignments (Pritchard
et al., 2000), and then using collection location (i.e., the study site from which the individual
was sampled) as a Bayesian prior (Waples and Gaggiotti, 2006). For the analysis including all
four putative populations (two samples from the Coast population), we ran K values from
one to eight to find likelihood values associated with the different estimates of the number
of populations, because the roads bisecting the Coast and Central sites could have caused
population substructure in each site. We ran each K value 10 times to test for consistency
when using a burn-in of 50,000 iterations, 500,000 Markov chain Monte Carlo (MCMC)
repetitions, and allowing for population admixture. The most likely number of clusters was
determined using the methods of Evanno et al. (2005).

DISPERSAL

A dispersal estimate was obtained for each population by identifying the number of first
generation migrants with $95% confidence using the L-home likelihood computation, the
Bayesian method of classification (Rannala and Mountain, 1997), and the Monte-Carlo
simulation algorithm (Paetkau, 2004) in program GENECLASS2, which does not assume that
the population of origin was always sampled (Piry et al., 2004). We compared the
proportions of first generation migrants between populations within each region using two-
tailed Fisher’s exact tests (Langsrud, 2006). For each population, we also compared the
proportion of individuals that were excluded from either site within a region with
assignment probabilities ,0.5, using the Monte-Carlo re-sampling procedure of Paetkau
et al. (2004) in program GENECLASS2. These individuals could have originated from
unsampled populations. We compared the proportion of excluded individuals between
the populations within each region using two-tailed Fisher’s exact tests (Langsrud, 2006).
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RESULTS

ISOLATION BY MAJOR ROADS AND URBAN DEVELOPMENT

In the OC region, we designated the Coast site as more isolated based on all three criteria
(Table 1). The Coast site was bordered to the west by the Pacific Ocean, and to the north,
east, and south by major (U.S. Interstate 405, U.S. Interstate 5, and State Route 55) and
secondary roads, as well as residential, military, and agricultural development (Fig. 1). The
Central site was designated as the less isolated site of the pair. Although it was partially
bordered to the north, south, and west by major roads (U.S. Interstate 5, State Route 91,
State Route 55, and State Route 261) and residential, military, and agricultural development, a
large proportion of its eastern border was contiguous with large areas of natural habitat in the
adjacent Cleveland Natural Forest. The Coast and Central sites were each bisected by a two-
lane secondary road and a major road that had several wildlife underpasses with documented
bobcat crossings (Crooks and Jones, 1998; Lyren et al., 2006; Lyren et al., 2008).

In the SMM region, we designated the Simi Hills site as more isolated based on all three
criteria, although the difference between sites was not as marked as in the OC region
(Table 1). The Simi Hills site was bordered to the west by residential development and a
major road (State Route 23), separated from the Santa Susana Mountains to the north by
residential development and a major road (State Route 118), bordered to the east by
.20 km of residential development and major roads, and separated from the Santa Monica
Mountains by residential development and a major road (U.S. Highway 101; Fig. 1). The
Topanga site was designated as less isolated primarily because it was located within the large
natural areas of the Santa Monica Mountains and thus, had a large area of natural habitat
along its western border. However, the Topanga site was bordered to the south by
residential development, roads, and the Pacific Ocean, and to the north and east by major,
multi-lane roads (U.S. Highway 101 and U.S. Interstate 405), secondary roads and
residential development.

GENOTYPING

Across all individuals (n 5 109), the mean number of alleles per locus was 8.75 (range: 6–
13 alleles per locus). There was no deviation from Hardy-Weinberg in the proportions of
homozygotes and heterozygote expected in any population. Only one of 30 tests for linkage

TABLE 1.—Indices of isolation for the Coast site in 2003–2004 and 2006–2007 and the Central site in
2003–2004 in the Orange County region in California, and the Simi Hills and Topanga sites in the Santa
Monica Mountains region in California in 2004. The first, labeled ‘‘habitat in buffer,’’ was the
proportion of natural habitat in a one-kilometer buffer zone surrounding each study site boundary. The
second, labeled ‘‘habitat adjacent to boundary,’’ was the proportion of each site’s boundary that was
directly adjacent to another habitat patch, defined using a majority rule. The third, labeled ‘‘encircling
roads/ocean,’’ was whether or not major roads or ocean completely encircled each site

Region and study site

Indices of isolation

Habitat in buffer Habitat adjacent to boundary Encircling roads/oceans

Orange County

Coast 29% 0% Yes
Central 57% 47% No

Santa Monica Mountains

Simi Hills 32% 10% Yes
Topanga 44% 44% No
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disequilibrium was significant (FCA045 and FCA026 in the Central population). However, this
result was likely to have arisen by chance since there was no evidence for linkage disequilibrium
between these loci in the other populations, so they were likely not physically linked.

GENETIC DIVERSITY AND RELATEDNESS

Following our expectation, the more isolated Coast population had lower genetic diversity
for all measures in both 2003–2004 and 2006–2007 than the less isolated population,
Central, in the OC region (Table 2). Contrary to our expectation for the SMM region, the
population initially designated as more isolated, Simi Hills, had slightly higher genetic
diversity for all measures except A (mean allelic richness) than the population designated as
less isolated, Topanga (Table 2).

As expected, the proportion of closely related individuals (R $ 0.25 at the 95%
confidence level) was greater in the Coast population in 2003–2004 than in the Central
population in the OC region (x2 5 39.79, d.f. 5 1, P , 0.001; Table 2). However, when
comparing the Coast population in 2006–2007 to the Central population, there was no
longer a difference in the proportion of closely related individuals (x2 5 2.40, d.f. 5 1, P 5
0.121; Table 2). Also, contrary to expectation, the proportion of closely related individuals
was significantly lower in the Simi Hills population than in the Topanga population in the
SMM region (x2 5 6.84, d.f. 5 1, P 5 0.009; Table 2).

POPULATION STRUCTURE

Populations exhibited moderate levels of genetic population structure that were
significantly different from zero within both regions. Pairwise FST values for the OC region
were 0.072 (95% CI 5 0.016–0.120) between the Coast population in 2003–2004 and the
Central population, and 0.092 (95% CI 5 0.022–0.149) between the Coast population in
2006–2007 and the Central population. Similarly, FST was 0.089 (95% CI 5 0.037–0.134)
between the Simi Hills and Topanga populations in the SMM region.

The STRUCTURE analysis indicated that K 5 2 population clusters resulted in the largest
change in log likelihood values, and based upon the delta-K method (Evanno et al., 2005)

TABLE 2.—Measures of genetic diversity (mean number of alleles per locus, mean allelic richness per
locus corrected for sample size (A), observed heterozygosity (HO), expected heterozygosity (HE)), the
proportion of closely related pairs of individuals (R $ 0.25 with 95% confidence), the proportion of
individuals sampled that were first generation migrants, and the proportion of individuals that did not
assign to either sampled population in the region for bobcats in southern California. In the Orange
County region, data are presented for the Coast population in 2003–2004 and 2006–2007, and the
Central population in 2003–2004. In the Santa Monica Mountains region, data are presented for the
Simi Hills and Topanga populations in 2004

Region and Population n

Mean no.
alleles per

locus A HO HE

Closely related
indiv.

(R $ 0.25)

1st generation
migrants

(a 5 0.05)

Excluded from both
populations (assign.

prob. , 0.05)

Orange County

Coast in 2003–2004 15 6.3 6.1 0.64 0.73 34% 13% 13%
Coast in 2006–2007 22 5.5 6.1 0.68 0.69 8% 9% 32%
Central 38 7.3 6.4 0.78 0.80 11% 5% 47%

Santa Monica Mountains

Simi Hills 19 6.5 5.0 0.79 0.78 23% 11% 32%
Topanga 19 5.5 5.0 0.61 0.66 36% 16% 37%
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was the true number of clusters (Fig. 3A). The majority of individuals in the Coast
populations in 2003–2004 and 2006–2007 assigned primarily to one cluster and the majority
of individuals in the Central, Simi Hills, and Topanga populations assigned primarily to the
other (Fig. 3A). However, the STRUCTURE analysis using sample location as a Bayesian prior
showed population structure among all four populations (K 5 4; Fig. 3B).

DISPERSAL

Contrary to our expectation, the proportion of first generation migrants was similar between
populations in each region (two-tailed Fisher’s exact tests: P 5 0.586 for the Coast population in
2003–2004 versus the Central population, P 5 0.619 for the Coast population in 2006–2007
versus the Central population, and P 5 1.000 for the Simi Hills population versus the Topanga
population; Table 2). Consistent with our prediction, assignment tests indicated a significantly
smaller proportion of individuals in the Coast population in 2003–2004 than in the Central
population were either migrants from unsampled populations or descendants of migrants (two-
tailed Fisher’s exact test, P 5 0.028; Table 2). The proportion of individuals from outside
populations, however, was not significantly different between the Coast population in 2006–
2007 and the Central population (two-tailed Fisher’s exact test, P 5 0.286) or between
populations in the SMM region (two-tailed Fisher’s exact test, P 5 1.000; Table 2).

FIG. 3.—(A) The STRUCTURE analysis of the most likely number of clusters based upon the delta-K
method (Evanno et al., 2005) without using a priori population assignments showed that the most
probable number of clusters was K 5 2, where the largest change in likelihood occured. Genetic
assignment of individuals from all populations is shown for two inferred clusters (K 5 2). Individuals are
represented by columns and grouped by the region and study site from which they were sampled. The
proportion of each shade of gray in each column represents that individual’s probabilities of assignment
to the corresponding cluster. Individuals from Central, Topanga, and Simi Hills primarily assigned to
one cluster and individuals from the Coast (in both the 2003–2004 and 2006–2007 samples) primarily
assigned to the other. (B) The STRUCTURE analysis with collection location as a Bayesian prior detected
population structure among all four populations (K 5 4 clusters)
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DISCUSSION

Fragmentation by urban development likely affected the functional connectivity between
bobcat populations in both study regions in southern California but not always as predicted
by the degree to which major roads and urban development surrounded populations. As
predicted, greater isolation of bobcat habitat in the Orange County region was associated
with greater genetic isolation, particularly during our first sampling period. Bobcats in the
more isolated Coast population in 2003–2004 had lower genetic diversity and higher
relatedness relative to the less isolated Central population. Although smaller sample sizes in
the Coast population could have lowered some of our estimates of genetic diversity, allelic
richness values, which were corrected for sample size, were also lower. In the Central
population, we detected a greater proportion of bobcats that did not assign to either
population in the OC region and thus, likely originated from unsampled populations in the
extensive core habitat in the adjacent Cleveland National Forest. Pairwise FST values for the
Coast and Central populations (0. 072 for 2003–2004 and 0.092 for 2006–2007) were larger
than those reported for other bobcat (0.067; Millions and Swanson, 2006; 0.060; Millions
and Swanson, 2007) and Canada lynx (Lynx canadensis; #0.051; Schwartz et al., 2002)
populations separated by water or much larger geographic distances. Additionally, the
STRUCTURE analysis supports limited gene flow between these populations (Fig. 3B). This was
not surprising, given that the Coast site was separated from other areas of natural habitat by
the 26-lane interchange between U.S. Interstate 405 and U.S. Interstate 5.

By our second sampling period in 2006–2007, however, the relationship between isolation
and functional connectivity was not as pronounced in the OC region, with partially
conflicting results as to the genetic isolation of the Coast population. As predicted, genetic
diversity in the Coast population in 2006–2007 was still significantly lower than in the
Central population and the STRUCTURE analysis indicated that the two populations were still
genetically distinct (Fig. 3B). However, in contrast to predictions, by 2006–2007 relatedness
was no longer higher in the Coast population compared to the Central population. Given
that the Coast population was relatively small, gene flow between the sampling periods, even
if limited, may have been sufficient to counteract some of the effects of isolation that we
detected in 2003–2004. Likewise, by 2006–2007, the proportion of individuals excluded
from both populations in their region no longer significantly differed between the Coast
and the Central populations, potentially indicating that more individuals had been able to
disperse into the Coast site from populations other than the Central population. However,
given the small number of bobcats and loci available in this study, we lacked the statistical
power to determine whether the observed fluctuations in genetic isolation of the Coast site
were simply an artifact or represented real differences between sampling periods due to
gene flow. Nonetheless, the detection of first generation migrants in both sampling periods
suggests that isolation by major roads and urban development has not completely
eliminated gene flow into the Coast population and that the matrix surrounding the Coast
site was still somewhat permeable to bobcat movement. The exact locations of movement
routes into the Coast population are unknown, but immigrating bobcats might be
originating from natural areas to the southeast (Lyren et al., 2008; Fig. 1).

Similar to the OC populations, the pairwise FST value for the Simi Hills and Topanga
populations (0.089) was relatively large compared to those reported elsewhere. This FST

values was also larger than that reported in Riley et al., (2006; #0.064) for nearby bobcat
populations in the SMM region that were closer in proximity than the Simi Hills and
Topanga populations but were still separated by U.S. Interstate 101. Despite this, the
STRUCTURE analysis could not detect structure between the Simi Hills, Topanga, or Central
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study sites without the a priori use of collection location. There are several potential
explanations for the lack of differentiation. First, the Simi Hills, Topanga, and Central sites
may still be connected enough that there is sufficient gene flow among them to maintain
similar genetic structure. Second, these three populations may not have been isolated long
enough to diverge from each other, and given enough time may be as isolated as the Coast
population is from the rest. However, these northern populations are located on the
opposite side of the sprawling metropolis of greater Los Angeles from Central (Fig. 1).
Thus, the third and most likely explanation is that we simply lacked the statistical power to
differentiate between populations due to the fairly small samples for Simi Hills and
Topanga, and the small number of loci used in the analyses (Waples and Gaggiotti, 2006).
Once collection locations were used as a Bayesian prior in the STRUCTURE analysis, the four
populations were more clearly differentiated (Fig. 3B).

However, the direction of the genetic differences in the SMM region were largely opposite
of what we expected a priori based on levels of urban development surrounding both sites.
Although similar across many measures of genetic isolation, the population with less
surrounding development, Topanga, appeared more genetically isolated than the site we
initially designated as more structurally isolated, Simi Hills, because Topanga had lower
genetic diversity and a significantly larger proportion of close relatives. Because bobcats can
navigate through urban development, particularly via movement corridors or small habitat
patches within the urban matrix (Riley et al., 2010), the genetic variability of populations in
close proximity to the sites in the SMM region may have contributed to the unexpected
patterns of genetic isolation. The only large nearby source of genetic variation for the
Topanga population was the rest of the Santa Monica Mountains along its western border,
which itself still constitutes a habitat fragment, although a larger one than Topanga
(Fig. 1A; Riley et al., 2006). In contrast, the Simi Hills population was adjacent to two likely
source populations, potentially receiving migrants from both the larger Santa Susana
Mountains populations to the north and from the Santa Monica Mountains to the south.

These results reinforce the finding that measuring functional connectivity across more
than one landscape and at multiple geographic and temporal scales is necessary to test the
relationship between measures of habitat fragmentation and genetic population structure
(Keyghobadi, 2007). The regional differences in the relationship between development
intensity surrounding sites and genetic population structure suggest that, at least for
relatively mobile species, close proximity to a genetically diverse source population or
multiple source populations of genetic variation, even if some urban development
intervenes, may be as or more important for preserving genetic diversity than more direct
habitat connectivity to another population with reduced genetic diversity. Population
genetic models demonstrate that the viability of fragmented populations depends not only
on the number of migrants entering per generation but also on the amount of gene flow
into the source populations from where the fragmented populations receive migrants
(Couvet, 2002). Thus, even when there are seemingly adequate levels of dispersal into
fragmented populations, their viability may still be threatened if source populations do not
have adequate connectivity to other sources of genetic variation.
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