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Abstract
Little is known about the relatedness structure of carnivores living in urban areas, where green spaces may vary in size and
resource availability. We examined the minimum population size, relatedness structure, and genetic diversity of a recently
established population of eastern coyotes (Canis latrans) inhabiting New York City (NYC). The population has been established
for approximately 25 years, and sample collection for genetic analysis has been ongoing since 2010. We genotyped 234 scat,
eight tissue, and three blood samples at nine microsatellite loci. We identified 45 individual coyotes with a male-biased sex ratio
of 2.2:1. We also found moderate to high levels of genetic diversity, with average observed heterozygosity of 0.779 and mean
number of alleles per locus of 7.8. Most of the green spaces surveyed supported a single group of closely related coyotes in each.
Relatedness comparisons between parks also indicated that coyotes compared across different parks were also closely related.We
identified two unrelated mated pairs and found no support for polygamy. The high incidence of relatedness suggests that the
coyote population is descended from a small number of founding individuals. Additionally, we genetically recaptured several
coyotes, including one individual sampled in the Bronx and in Queens, with a median of 103 days between resampling. This
result indicates that the coyotes are persisting in some of the isolated greenspaces of NewYork City and able tomove successfully
between them.
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Urban environments currently contain 55% of the world’s
human population and continue to expand (United Nations
2018), with an increase of 1.2 million km2 of new urban land
area projected by 2030 (Seto et al. 2012). Urbanization alters
species composition of communities (Grimm et al. 2008) and

can influence evolutionary processes that shape urban wildlife
populations (McDonnell and Hahs 2015; Johnson and
Munshi-South 2017). Many wildlife species are unable to per-
sist in urban areas because they have habitat or diet require-
ments that are not provided within the urban landscape. As a
result, they are extirpated or pushed to the periphery in urban
areas (Blair 1996;McKinney 2006). Some wildlife species are
synanthropes, thriving in urban areas because they can cohabit
with humans and utilize anthropogenic resources (Johnson
2001; Hulme-Beaman et al. 2016). Population densities, re-
production, and survival rates for synanthropic species usually
are positively correlated with urbanization (Gliwicz et al.
1994; Gehrt et al. 2011; Hulme-Beaman et al. 2016). By
studying synanthropic wildlife species, we can learn about
behavioral, ecological, and genetic changes associated with
urban living. In this study, we use microsatellite genotyping
to identify the minimum number of coyotes that have
inhabited NYC and analyze the relatedness structure and ge-
netic diversity of this expanding urban coyote population.

Genetic diversity is important for a colonizing population
because it enables the population to adapt to novel living
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conditions and avoid inbreeding depression. It is influenced
by the genetics of the founding population and the extent of
gene flow in the new population (Crawford and Whitney
2010). Continued gene flow requires successful dispersal
and reproduction between individuals at different green spaces
(Slatkin 1977). However, dispersing can be a risky activity
with high mortality, especially in urban areas. Roads are a
major barrier reducing gene flow of wildlife in urban environ-
ments by directly affecting the mortality of the dispersers or
indirectly through behavioral avoidance (Trombulak and
Frissell 2000; Bateman and Fleming 2012). Medium to
large-sized mammals with long dispersal distances, such as
coyotes (average 98 km; Harrison 1992), should be less af-
fected by habitat fragmentation than smaller species that dis-
perse shorter distances. However, roads can still reduce the
dispersal of highly mobile species through collisions with ve-
hicles and acting as home range boundaries (Gehrt 2006),
thereby preventing gene flow across the roadway. For in-
stance, genetic structuring occurred in populations of both
coyotes and bobcats on different sides of a California freeway
(Riley et al. 2006). Increased exposure to disease and toxi-
cants in urban areas may also reduce gene flow in urban wild-
life (Bradley and Altizer 2007; Serieys et al. 2015).

Coyotes (Canis latrans) are synanthropes (Gehrt et al.
2011) that have colonized nearly all of North America, includ-
ing major cities such as Los Angeles, Chicago, and most re-
cently, New York City (NYC) (Gompper 2002; Hody and
Kays 2018). By studying their free-ranging populations in
areas with different degrees of urbanization, we can assess
changes in their behavior or genetics that may be associated
with urbanization. The first documented evidence of a coyote
in NYC occurred in 1994 in the Bronx (Toomey et al. 2012)
and in 1999 a coyote was caught in Central Park (Martin
1999). By 2009, a coyote was observed in Queens (Weckel
et al. 2015), and evidence of breeding groups was collected by
2016 (Nagy et al. 2016, 2017). New York City is the most
densely populated city in the United States with 8.5 million
people (United States Census Bureau 2018), and its total land
area contains 61.1% impervious surfaces (Nowak and
Greenfield 2012), comprised of buildings, roads, and other
infrastructure. NYC also contains a large proportion of green
space, with the NYC park systemmanaging over 30,000 acres
of land (NYC Parks 2019).

Coyote social organization is variable, ranging from soli-
tary individuals to groups of 5–10 members, and is influenced
by food resources and habitat characteristics (Bekoff et al.
1984; Andelt 1985; Atwood 2006). Observational research
on coyotes in non-urban environments suggests that family
groups are generally composed of an unrelated monogamous
male-female pair and one or more generations of their off-
spring (Andelt 1985; Bekoff andWells 1986). Previous genet-
ic research on urban coyotes indicates that they also form
long-term monogamous, unrelated male-female mated pairs

(Way et al. 2010; Hennessy et al. 2012). However, it is cur-
rently unclear how the social organization of coyotes varies
among and within urban landscapes. Camera trap footage
from NYC showed pictures of adults with pups at several
parks in the Bronx (Nagy et al. 2016), but it is unknown
how many family groups inhabit each surveyed park or
whether individual family groups include multiple, separate
green spaces in their territories. Additionally, the genetic di-
versity of a subset of the NYC coyote population was found to
contain less genetic diversity than a regional population of
coyotes in New York, New Jersey, and Connecticut
(DeCandia et al. 2019). The decreased diversity is most likely
due to a founder effect associated with recent colonization
from a small number of individuals.

Here, we assessed the minimum population size, related-
ness structure, and genetic diversity of the NYC coyote pop-
ulation. Since coyotes live in family groups in both urban and
non-urban areas (Ryden 1974; Bekoff and Gese 2003; Way
et al. 2010; Hennessy et al. 2012), we predicted that we would
find closely related groups of coyotes occupying NYC parks.
The NYC parks with known coyote family groups range in
size from 0.07 km2 to 11.2 km2 (Railroad Park and Pelham
Bay Park, respectively; nycgovparks.org). The average home
range for resident urban coyotes is approximately 13.4 km2

(Atkinson and Shackleton 1991; Grinder and Krausman 2001;
Way et al. 2002; Riley et al. 2003; Gehrt and Riley 2010).
Given that the largest NYC parks with known coyote packs
are similar in size to the average resident urban coyote home
range, we predicted that the NYC parks each contained no
more than one related group of coyotes. We also expected to
find closely related pairs of coyotes sampled across the differ-
ent parks, consistent with an initial colonization of a small
number of individuals followed by dispersal of offspring from
their natal sites in NYC. Alternatively, it was possible that the
NYC coyote population consisted primarily of coyotes that
are unrelated to each other that have colonized the city at
different times. This pattern would suggest that the urban
parks are sinks and offspring produced within the city suffer
high mortality. We also expected the NYC coyotes to have
reduced genetic diversity compared to more established coy-
ote populations due to the continuing influence of a founder
effect from recent colonization.

Methods

Sample collection and storage

We used mostly fecal samples (scats) to examine the genetics
of the NYC coyote population. The collection of scats is non-
invasive and generally successful at obtaining a large sample
size of genetic samples for an elusive species (Waits and
Paetkau 2005). Scat samples were collected in eleven different

Urban Ecosyst

http://nycgovparks.org


green spaces (ten parks and one baseball facility) located in
the Bronx, Queens, and Manhattan during 2010–2017
(Fig. 1). For simplicity, we refer to all green spaces as parks
even though one of them, the Elmjack baseball facility, was
not classified as a municipal park. Instead, it was part of a
larger area containing a woodlot and remnant scrub vegeta-
tion. The sample areas were chosen as study sites because they
contained undeveloped open space and forested areas, habitat
known to be used by coyotes (Kamler and Gipson 2000; Kays
et al. 2008; Gehrt et al. 2009). In addition, coyotes had previ-
ously been detected on camera traps within the sampled NYC
parks (Nagy et al. 2016). Though coyotes may roam outside
the boundaries of parks, they tend to center their territories and
build dens within natural habitat patches (Quinn 1997; Way
et al. 2001; Atwood et al. 2004). Coyotes may also use private

lands and industrial spaces, but those areas are difficult to
obtain access to survey. Time and logistic constraints
prevented sampling of every park in NYC. Since few to no
records of coyote sightings exist for parks in Brooklyn or
Staten Island, we did not sample in those boroughs.

To make the most efficient use of our collection time, the
scat survey was limited to the parks and other green spaces
where coyotes had previously been observed on remote cam-
era traps. (For camera trapping methodology, see Nagy et al.
2016, 2017). Scat collection was opportunistic and occurred
three different ways: 1) Visual search by the research team
during a concomitant camera survey, 2) Visual search by vol-
unteers, and 3) Domestic dogs (Canis familiaris) profession-
ally trained in coyote scat detection. Scat searches focused on
park trails because coyotes use roads and trails to move from

Fig. 1 Locations of sample
collection created in
ArcMap 10.6.1 (ESRI 2016)
using the 2011 National Land
Cover Database (Homer et al.
2015). The areas in gray indicate
Developed Open Space and
Deciduous, Evergreen, and
Mixed Forest. The abbreviations
represent parks surveyed for this
study (RD =Riverdale, VC =Van
Cortlandt, PB = Pelham Bay,
BX=Bronx, IH = Inwood Hill,
FP = Ferry Point, PC = Pugsley
Creek, SV = Soundview, EJ =
Elmjack, AP =Alley Pond, RR =
Railroad Park. Circles indicate
scat samples and triangles repre-
sent roadkill or translocated
individuals
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one place to another and will defecate on the trails (Kohn et al.
1999; Prugh et al. 2005; Lukasik and Alexander 2011). Dry
scats were collected whole and stored in paper bags containing
silica desiccant. Samples that were moist upon collection were
stored in plastic bags and frozen within 24 h at −20 °C. In
addition, tissue and blood samples from coyotes were collect-
ed opportunistically from roadkill and from coyotes that were
translocated by local government agencies. Tissue and blood
samples were frozen within 24 h at −20 °C.

DNA extraction and amplification

We extracted DNA from 317 scat samples with the QIAamp
DNA Stool Mini Kit (Qiagen, Inc.) using a modified stool
extraction protocol (Chaves et al. 2010). We extracted the
DNA from the outside of the scat because that has been found
to contain the most host DNA (Stenglein et al. 2010; Wultsch
et al. 2015). We extracted 12 tissue and 3 blood samples using
the DNeasy Blood and Tissue kit (Qiagen, Inc.) following the
standard protocol. We quantified total DNA quantity with a
Qubit 2.0 Fluorometer (Invitrogen). Samples containing less
than 2.0 ng/μl of total DNAwere excluded from further anal-
yses. We used the concentration of 2.0 ng/μl as a cutoff point
for inclusion in PCR amplifications to maximize the number
of samples used in the reactions, but to exclude those samples
with DNA quantities that are typically too low to amplify.

To distinguish coyote scat from domestic dog, red fox, or
other wildlife species, we PCR-amplified 245 samples with
the dye-labelled forward primer SIDL and two different re-
verse primers, H16145 and H3R (DeBarba et al. 2014) that
amplify the mitochondrial DNA control region and have a
variable fragment size across species. The 14 μL PCR
consisted of 1 x Qiagen Multiplex PCR Master Mix, 0.5 x
Qiagen Q solution, 0.29 μM SIDL, 0.2 μM H16145,
0.1 μMH3R, and 2 μL DNA extract. PCR thermocycler con-
ditions included a 15-min denaturation at 94 °C, followed by
35 cycles of 30s at 94 °C, 90s at 46 °C, 60s at 72 °C, and a 30-
min elongation at 60 °C. PCR products were sent to Genewiz
(Frederick, MD) for fragment analysis. We identified 168 coy-
otes, two red foxes, five domestic dogs, and 70 samples ex-
hibited no amplification.

We PCR amplified the 168 coyote-identified samples with
nine microsatellite markers: FH2001, FH2054, FH2088,
FH2137, FH2611, FH2670, FH3725, C09.173, and Cxx.119
(Ostrander et al. 1993; Holmes et al. 1995; Francisco et al.
1996; Guyon et al. 2003) to identify individual coyotes. The
markers were originally developed from the domestic dog
genome and validated for multiplex PCR in coyotes by
Mumma et al. (2014).We determined sex by using the primers
DBX6 and DBY7, which amplify introns of known fragment
sizes within the sex chromosomes (Seddon 2005). Each prim-
er was dye-labelled at either its forward or reverse end for use

in fragment analysis. Online Resource 1 lists all primers along
with their repeat type and fragment size.

We combined the nine microsatellite primers and two sex-
determining primers into one 14 μl canid PCR multiplex as in
Mumma et al. (2014). The 14 μL multiplex consisted of 1 x
concentrated Qiagen Master Mix, 0.5 x concentrated Qiagen
Q Solution, 0.23 μM of Cxx.119, 0.14 μM of FH2670,
0.10 μM of FH2611 and DBX6, 0.09 μM of FH3725 and
FH2001, 0.06 μM of FH2054, FH2137, and DBY7, and
0.04 μM of FH2088 and C09.173, and 2 μL of DNA extract.
PCR thermocycler conditions included an initial denaturation
step of 15 min at 94 °C, followed by a touchdown step of
13 cycles of 30s at 94 °C, 90s at 62 °C, decreasing 0.4 °C
each cycle, and an extension of 60s at 72 °C, followed by
another round of 28 cycles of 30s at 94 °C, 60s at 57 °C,
and an extension of 60s at 72 °C, finishing with a final exten-
sion of 30 min at 60 °C. PCR products were sent to Genewiz
for fragment analysis. Samples were PCR amplified up to
seven times, and we included PCR positives and negative
controls.

Microsatellite genotyping

All microsatellites were scored in Geneious, version 9.0, with
the microsatellite plug-in (Kearse et al. 2012). To generate
consensus genotypes for scat samples, we required at least
two identical PCR results to verify heterozygous alleles and
at least three identical PCR results to verify homozygous al-
leles (Prugh et al. 2005). We used MICRO-CHECKER, ver-
sion 2.2.3 (VanOosterhout et al. 2004) to check for null alleles
and the R package ConGenR (Lonsinger and Waits 2015) to
estimate allelic dropout and false allele rates for scat samples.
We used GIMLET, version 1.3.3 (Valière 2002), to calculate
the probability of identity (PID) and the probability of identity
in a population containing a large number of siblings (PIDsib).
We used the R package Demerelate (Kraemer and Gerlach
2017), to calculate the difference in relatedness estimates
using different numbers of loci. In Demerlate, different num-
bers of loci are randomly resampled from the dataset and their
relatedness calculations are compared to the values of all loci.
We used the Queller and Goodnight estimator (rxy) with de-
fault parameters. Considering that samples collected from scat
usually have lower PCR success than those collected from
tissue or blood (Taberlet et al. 1999), we calculated PCR suc-
cess rates for all samples together (scat, blood, and tissue) and
for scat samples exclusively (no blood or tissue).

Population genetics analysis

GenAlEx, version 6.5 (Peakall and Smouse 2006, 2012) was
used to calculate the number of alleles (NA), observed hetero-
zygosity, (HO) and expected heterozygosity (HE) of the coyote
population. We used the R package Genepop, version 1.0.5
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(Rousset 2008) with default parameters, to test for deviations
of Hardy Weinberg equilibrium and genotypic linkage equi-
librium, as well as to calculate the inbreeding coefficient (Fis).
To control for false positives due to multiple comparisons, we
used a sequential Bonferroni correction (Holm 1979). The
program BOTTLENECK, version 1.2.02 (Piry et al. 1999),
was used to test for heterozygosity excess due to founder
effects. All bar charts and histograms were plotted with the
R package ggplot2, version 3.1.0 (Wickham 2016), in R sta-
tistical programming software version 3.4.2 (R Core Team
2018). All maps were created with ArcMap 10.6.1 (ESRI
2016).

Relatedness

We calculated pairwise relatedness for all coyote individuals
to assess the relationship structure within and across parks of
NYC. We used ML-Relate (Kalinowski et al. 2006) and
Queller & Goodnight’s (Queller and Goodnight 1989) estima-
tor in GenAlEx, version 6.5 (Peakall and Smouse 2006, 2012)
to estimate pairwise relatedness and assess the relatedness
structure within and between NYC parks. ML-Relate uses a
maximum likelihood method to estimate relatedness between
individuals. Maximum likelihood estimates of relatedness
usually have a lower standard error than other estimators
(Milligan 2003) and can accommodate null alleles
(Kalinowski et al. 2006), thus estimating relatedness under a
more realistic set of assumptions than other estimators (Dakin
and Avise 2004). The Queller & Goodnight estimator is a
method of moment estimator (MME) that may perform better
with small sample sizes than maximum likelihood estimates
(Queller and Goodnight 1989; Van DeCasteele et al. 2001).

These relatedness coefficients (r) vary from 0 to 1, where 0
indicates no alleles shared between individuals and 1 indicates
all alleles are shared between individuals. The Queller &
Goodnight estimator may report negative relatedness coeffi-
cients if the estimated pairwise relatedness is less than the
average relatedness across all individuals. A relatedness coef-
ficient of 0.5 indicates that individuals are first-order relatives,
such as parents and offspring or full-siblings. A relatedness
coefficient of 0.25 indicates second-order relatedness, such as
half-siblings, grandparents to grandchildren, or aunts/uncles
to niece/nephews. However, the relatedness coefficient is in-
fluenced by the population relatedness structure, and related-
ness classes usually do not segregate into completely discrete
bins (Van DeCasteele et al. 2001; Csilléry et al. 2006).
Therefore, to estimate the relatedness structure of the NYC
coyote population, we used the frequency distribution of
pairwise relatedness estimates to infer first-order and
second-order relatedness classes. We estimated first-order re-
latedness for relatedness coefficient values between 0.4–0.8
and second-order for values ranging from 0.1–0.4. We only
report relatedness estimates for the comparisons that both ML

Relate and GenAlEx categorized into the same bin. We set the
boundaries of the first-order and second-order relatedness bins
where the frequency of relatedness showed the most change
(increase or decrease) between two adjacent relatedness coef-
ficients. To facilitate direct comparisons between the two es-
timators, we placed negative results from GenAlEx into the
relatedness bin of 0–0.1. We used COLONY, version 2.0.6.4
(Jones and Wang 2010) to predict the probability of parentage
for each of the coyote groups. We ran COLONY twice, first
specifying a monogamous mating system and again after
choosing both male and female polygamy.

Results

Microsatellite genotyping

MICRO-CHECKER returned no significant null alleles and
ConGenR estimated the average allelic dropout at 11.04% and
false allele rate at 2.71%. The cumulative PID and PIDsib

estimates from GIMLET for all nine loci were 4.99e-11 and
2.21e-04, respectively. We chose a PIDsib consensus genotype
threshold of <0.01, indicating that less than 1 in 100 highly
related individuals would contain the exact same alleles at
every locus (Waits et al. 2001). The cumulative PIDsib of
any six loci were < 0.01, so only samples that amplified at
six or more loci were used in subsequent analyses. We exclud-
ed 43 samples with amplification at less than six loci and used
the remaining 125 samples for subsequent analyses. Results
from Demerelate show that mean relatedness values change
only 0.001 between using six loci and nine loci to estimate
relatedness (Online Resource 2). Therefore, we were confi-
dent that a minimum of six loci were sufficient to estimate
relatedness. When considering all samples, 20.00% amplified
at seven loci, while 24.80% and 44.80% of samples amplified
at eight and nine loci, respectively. When examining only scat
samples, 20.72% amplified at 7 loci, 27.03% amplified at
eight loci, and 41.44% amplified at nine loci.

Population genetics analyses

We genotyped a total of 125 samples (111 scat, 11 tissue, 3
blood) collected between 2010 and 2017 and identified 45
total coyote individuals based on unique microsatellite geno-
types: 31 males and 14 females (Fig. 2). The number of alleles
ranged from 6.0–10.0 with an average of 7.8 (Table 1). The
observed heterozygosity ranged from 0.634–0.955 with an
average of 0.779. The expected heterozygosity ranged from
0.637–0.863 with an average of 0.756.

Genepop results indicated that none of the loci show devi-
ations from Hardy-Weinberg equilibrium (Table 1). We found
significant departures of linkage equilibrium in 3 of 36 com-
parisons (Table 2). Those loci are located on separate
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chromosomes, so the significant departures of linkage equilib-
rium are most likely due to genetic drift from a small founder
population (Slatkin 2008). Populations can return to Hardy
Weinberg equilibrium after one generation of random mating,
but linkage disequilibrium requires several generations to re-
turn to equilibrium (Morton 2002). We do not expect the link-
age disequilibrium (or more accurately, gametic phase dis-
equilibrium, since the loci are not actually linked on the same
chromosome) to affect our relatedness estimates. The related-
ness estimates are made by comparing haplotypes between
individuals to the observed allele frequencies of the entire
sampled population. The linkage disequilibrium would only
affect relatedness estimates if the estimators compared the
observed haplotypes to expected haplotypes. The Fis value
from Genepop was −0.021. BOTTLENECK returned a p val-
ue of 0.47 under the two-phase model of mutation.

We genetically recaptured 15 individuals at the same parks
where we had sampled them previously and five individuals at
separate parks (Fig. 3). The time between the first and last recap-
ture varied from 3 days to 1375 days, with a mean of 213 days
and median of 103 days. The standard deviation was 290 days.

Relatedness

The pairwise relatedness coefficients among New York City
coyotes ranged from −0.553 – 0.728 in GenAlEx and from
0.00–0.742 in ML-Relate (Fig. 4). Coyotes compared within
parks displayed more first-order relatedness than second-order
relatedness, indicating that coyotes were more closely related
within than between the parks (Figs. 4, 5). Conversely, coy-
otes compared between parks exhibited more second-order
relatedness than first-order relatedness (Fig. 4). At least 10%
of coyotes were first or second-order related in 11 of 28
(39.3%) comparisons between parks (Fig. 6a). Additionally,
every coyote sampled outside of a park (n = 4) was first or
second-order related to at least one individual sampled from
within a park (Fig. 6b).

The results from COLONY (specifying monogamous mat-
ing system) indicated with 100% probability that we sampled
mated pairs at Bronx Park and Pelham Bay Park. Relatedness
estimates of those two mated pairs performed in GenAlEx and
ML-Relate returned little to no relatedness between either pair
of individuals (r < 0.05). The COLONY results did not iden-
tify more than one mother or father when the male and female
polygamy option was chosen.

Discussion

We identified 45 individual coyotes across eight parks over
seven years. Consistent with our first prediction, we detected
first and second-order related individuals within and between
sampled parks, indicating that the NYC coyote population is
mostly comprised of a multi-generational family unit. This
relatedness pattern may be an artifact of dispersal confined
to land routes north of the city. Large bodies of water are
significant barriers to coyote movement (Harrison 1992;
Mitchell et al. 2015) and likely obstruct coyotes from migrat-
ing into NYC from other areas (e.g., New Jersey). Coyotes
sampled within the same parks display a much higher

Table 1 Diversity statistics for the nine microsatellite markers by locus and averaged across loci

Locus Cxx.119 FH2001 FH2137 FH2088 FH2670 C09.173 FH2054 FH2611 FH3725 Average

NA 9.0 6.0 6.0 7.0 10.0 10.0 8.0 6.0 8.0 7.8

HE 0.863 0.637 0.749 0.640 0.842 0.853 0.767 0.723 0.732 0.756

HO 0.821 0.733 0.778 0.634 0.857 0.955 0.814 0.705 0.714 0.779

HWE p value 0.312 0.335 0.269 0.031 0.215 0.036 0.312 0.035 0.046 0.177

PCR Success (all samples) 40.00% 82.29% 83.43% 63.43% 73.14% 72.00% 69.14% 72.57% 72.57% 69.84%

PCR Success (scat only) 34.29% 73.71% 74.29% 56.57% 65.71% 62.86% 61.14% 64.57% 64.57% 61.97%

GenAlEx output for expected (HE) and observed (HO) heterozygosity for the nine microsatellite markers and averaged across loci. Tests for deviations of
Hardy Weinberg Equilibrium (HWE) were implemented in the R package Genepop, version 1.0.5, using default settings. None of the loci display
deviations fromHardy-Weinberg Equilibrium after a sequential Bonferroni correction. PCR success rates of each loci for all samples (scat, blood, tissue)
and for scat samples only (no blood or tissue)
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Fig. 2 Numbers of coyotes of each sex identified at each park sampled
from 2010 to 2017. Park abbreviations: PB = Pelham Bay, VC = Van
Cortlandt, RD = Riverdale, BX = Bronx, FP = Ferry Point, IH = Inwood
Hill, RR = Railroad, EJ = Elmjack. Out refers to roadkill or translocated
coyotes found outside of parks
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frequency of first-order relatedness than coyotes inhabiting
different parks. This result suggests that the sampled parks
are supporting family groups of coyotes rather than unrelated
individuals. The relatedness patterns also indicate that no
more than one related group of coyotes inhabits each sampled
park, implying that coyotes are maintaining exclusive terri-
tories within the parks. If NYC coyotes had overlapping

territories, we would have observed more than one group of
closely related individuals in each park. Our findings are sim-
ilar to results from Cape Cod and Chicago that reported non-
overlapping territories of urban coyotes (Way et al. 2002;
Gehrt 2006) However, coyote territories may extend outside
of the parks and it is possible that territorial overlap occurs
between the different groups in areas outside of the parks.

Fig. 3 Movement between parks,
inferred from genetic recaptures
of the same individuals (n = 2 M:
3 F). The dotted lines indicate
movements of five different
coyotes. The arrows designate the
direction of movement, inferred
by the sample collection date. The
numbers inside the parentheses
signify the number of days
between sampling. Park
abbreviations: PB = Pelham Bay,
VC =Van Cortlandt, RD =
Riverdale, BX = Bronx, FP =
Ferry Point, IH = Inwood Hill,
RR = Railroad, EJ = Elmjack

Table 2 P-values for tests of
linkage disequilibrium
implemented with the R package
Genepop, version 1.0.5, using the
default settings

FH2001 FH2137 FH2088 FH2670 C09.173 FH2054 FH2611 FH3725

Cxx.119 0.579 0.411 0.001* 0.164 0.087 0.614 0.003 0.076

FH2001 0.103 0.038 0.179 0.197 0.443 0.503 0.255

FH2137 0.002 0.029 0.185 0.002 0.009 0.000*

FH2088 0.038 0.273 0.087 0.619 0.015

FH2670 0.000* 0.002 0.058 0.167

C09.173 0.089 0.110 0.067

FH2054 0.852 0.354

FH2611 0.729

Significance levels were determined by Sequential Bonferroni Correction. Three of 36 locus pairs are significantly
correlated
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More research on the home ranges of the NYC coyotes, using
radiotelemetry or GPS data, is necessary to increase our un-
derstanding of their spatial ecology and whether they are
experiencing territorial overlap.

Relatedness estimates fromCOLONYindicate that themated
pairs are monogamous and unrelated. This finding is in agree-
ment with previous research in Chicago and Cape Cod, (Way
et al. 2010; Hennessy et al. 2012), though Hennessy et al. (2012)

Fig. 5 Relatedness within parks.
Individuals connected by solid
lines display first-order related-
ness (r = 0.4–0.8) and those con-
nected by dashed lines indicate
second-order relatedness (r = 0.1–
0.4). Insert represents the related-
ness between the sampled coyotes
from Elmjack ballfield in Queens.
Park abbreviations: PB = Pelham
Bay, VC =Van Cortlandt, RD =
Riverdale, BX = Bronx, FP =
Ferry Point, IH = Inwood Hill,
EJ = Elmjack
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Fig. 4 The frequency of pairwise
comparisons between individuals
within and between parks at
relatedness coefficients between 0
and 1.0. Negative results from
GenAlEx were placed into the
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0–0.1 in order to facilitate
comparisons between the two
estimators. First-order relatedness
was estimated by pairwise relat-
edness coefficients between 0.4–
0.8 and second-order relatedness
between 0.1–0.4
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discovered that one of the seven total mated pairs was related to
each other.More research is needed on relatedness ofmated pairs
in urban landscapes to determine how often inbreeding occurs.
Forty four out of 45 coyotes (98%) were first or second-order
related to at least one other coyote within NYC (r > 0.10).
However, the vast majority of pairwise relatedness calculations
indicated little to no relatedness (r ≤ 0.10). Similarly, the low Fis
value of −0.021 indicates that inbreeding is rare to non-existent
in NYC, most likely due to behavioral inbreeding avoidance
during partner formation. Discrimination of first-order relatives
is thought to drive behavioral inbreeding avoidance in other
social canid species: red wolves (Canis lupus rufus; Sparkman
et al. 2012), Arctic foxes (Vulpes lagopus; Godoy et al. 2018),
African wild dogs (Lycaon pictus; McNutt 1996), and Ethiopian
wolves (Canis simensis; Randall et al. 2007).

Coyotes sampled outside of parks were first or second-
order related to at least one individual sampled from within
a park, indicating that those coyotes may have been dispersing
from their natal group or hunting or foraging in areas outside
of the parks. In addition, the coyotes sampled in Queens were
first or second-order related to those in the Bronx. This pattern
suggests a “funnel effect” of colonization, where individuals
at the leading edge of the colonization front were descendants
of the original founding population in the Bronx. The coyotes
resampled at the different parks show the same trend, where
the coyotes moved to parks in the southern Bronx and into
Queens (Fig. 3). We predict that the descendants of coyotes

currently inhabiting the Bronx will be the ones to ultimately
colonize the rest of Long Island.

In contrast to our second prediction, the genetic diversity of
the NYC coyote population was high. The number of alleles and
observed heterozygosity (NA = 7.8, HO = 0.779) was similar to
that observed in recently established coyote populations in
Virginia and Alabama (NA = 8.000–9.300, HO = 0.756–0.760)
(Bozarth et al. 2015; Damm et al. 2015). The genetic diversity
was also in line with that of more established coyote populations
in both urban and non-urban areas (NA= 9.170–14.000, HO =
0.640–0.790) (Sacks et al. 2004; Prugh et al. 2005; Way et al.
2010; Kierepka et al. 2017). Coyotes have a high level of genetic
diversity across their range, possibly due to their long-distance
dispersal, rapid increases in population size after colonization,
and historical interspecific hybridization with other canid species
(Heppenheimer et al. 2018). However, diversity estimates across
different studies should be carefully interpreted because the mi-
crosatellite markers and genetic analysis software varied across
studies. The genetic diversity was higher when compared to a
previous study that used a subset of NYC samples (DeCandia
et al. 2019). The increase in genetic diversity is probably due to
new migration into NYC, adding new alleles to the population.
This is reflected in the BOTTLENECK results that show no
significant difference in expected and observed heterozygosity.
The NYC coyote population no longer has reduced genetic di-
versity from a founder effect, most likely due to incoming gene
flow from surrounding areas.

Fig. 6 Solid lines indicate that at least 10% of pairwise relatedness
comparisons are first or second-order. Numbers beside the lines indicate
the proportion of first and second-order related individuals. a) Proportion
of first and second-order related dyads sampled between parks. The num-
bers in parenthesis indicate the sample size of coyotes genotyped within

each park. b) Proportion of first and second-order related individuals
sampled outside of parks to those sampled within the parks.
Figures produced in ArcMap 10.6.1. Park abbreviations: PB = Pelham
Bay, VC = Van Cortlandt, RD = Riverdale, BX = Bronx, FP = Ferry
Point, IH = Inwood Hill, RR =Railroad, EJ = Elmjack

Urban Ecosyst



We genetically recaptured individuals at nearly all the parks
included in the study. At multiple parks we resampled at least
one individual after more than a year. These genetic recaptures
indicate that the coyotes are persisting in the city and repeatedly
use the parks as part or all of their territory. We also resampled
five individuals (2 M: 3 F) at different parks, including one
individual in both the Bronx and Queens. This is the first doc-
umented case where a particular coyote was sampled on the
mainland NYand subsequently sampled on Long Island, which
requires crossing the Long Island Sound either by walking
across a bridge or swimming (Fig. 4). In San Francisco, at least
one coyote has used the Golden Gate Bridge as a corridor
between two green spaces (Sacks et al. 2006).

We found a male-biased sex ratio of 2.2:1 among the sam-
pled coyotes. Previous studies on recently established coyote
populations also found a sex bias with a male to female ratio of
1.6:1 (Bozarth et al. 2015) and 1.8:1 (Moore and Millar 1984).
The strong male sex bias may be due to sex-biased dispersal.
Withinmammal populations, males usually disperse more often
or farther distances than females (Greenwood 1980). However,
previous studies on coyotes have found an even sex ratio of
dispersing individuals (Nellis and Keith 1976; Harrison 1992).
Another reason for the uneven sex ratio may be a bias in sample
collection from males marking their territory. For example,
Bowen and Cowan (1980) found that coyotes marked their
territory boundaries with urine, feces, and scratches, with
males marking more than females. We sampled mostly on
trails, which may be more likely to contain the territorial
markings. In addition, male coyotes might have a larger home
range. However, reports of home range size differences
between the sexes have been mixed, with no consistent size
difference between sexes. Riley et al. (2003) found that males
have a larger home range, but Tigas et al. (2002) reported a
more extensive range for females. Other studies found no sig-
nificant differences (Grinder and Krausman 2001; Bekoff and
Gese 2003; Gehrt et al. 2009). Males may also bemore likely to
fill vacant territories, as suggested byMoore andMillar (1984).
It is unlikely that the sex bias is due to PCR error because
samples that did not amplify at the X chromosome did amplify
at the Y chromosome. If PCR errors occurred that prevented
amplification of the X chromosome, neither the X nor the Y
chromosome would be amplified in males.

Conclusion

As urbanization continues to increase around the world, it is
important to understand how wildlife species adapt to the
human-altered landscapes. Land use changes associated with
urbanization may impact the mating behavior and social rela-
tionships of urban wildlife by influencing population densities
and movement between green spaces. We investigated the
relatedness structure, genetic diversity, and persistence of

coyotes inhabiting an intensely fragmented urban landscape.
Our results indicated that NYC coyotes are persisting within
the isolated green spaces of NYC and maintaining adequate
gene flow. We found that coyotes can thrive in a variety of
different sized green spaces, and wildlife managers need not
assume that a certain habitat is unsuitable for coyotes only
because it is small. For example, scat from one coyote was
repeatedly resampled in a 0.07 km2 park for over three years.
The relatedness structure of coyotes within each park consists
of an unrelated pair and their closely related offspring and,
overall, the NYC population is comprised of several genera-
tions descended from a small number of founding individuals
that established territories in parks in the northern Bronx. Our
research adds new insights into the ecology of a synanthropic
mid-sized predator in a highly urbanized landscape.
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