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Abstract

The overpopulation of domestic cats (Felis catus) presents a serious concern for wildlife conservationists, animal welfare
advocates, public health officials, and community members alike. In cities, free-ranging, unowned cats often form high-
density groups (commonly called ‘colonies’) around human provisioned food sources. While previous diet studies have pri-
marily utilized morphology-based methods, molecular techniques offer a higher resolution alternative. In this study, we
used next-generation sequencing techniques to examine the diet composition of feral cats living in five Trap-Neuter-Return
colonies located in urban parks on Staten Island, a borough of New York City. We hypothesized that (1) cats living in urban
colonies would still consume natural prey despite being regularly fed and (2) that the composition of taxa represented in
the diet of each colony would vary, possibly due to differences in prey availability across sites. In total, 16 vertebrate prey
taxa were identified in the diet, 13 at the genus level and 3 at the family level. Despite being regularly fed, 58.2% of cat scats
contained DNA from natural prey. The diet composition of the cat colonies differed depending on the land cover composi-
tion surrounding the colony with the frequency of native prey positively correlated with the proportion of green space and
that of non-native prey with developed land cover types. The use of molecular techniques combined with environmental
DNA methods offers a promising, non-invasive approach to assessing the diet and consequently, impact of a highly abun-
dant and non-native predator on the persistence of wildlife communities in cities.
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Introduction

Domestic cats (Felis catus) are one of the world’s most widely dis-
tributed invasive species, with feral populations established
across almost all climate zones from tropical to subarctic (Ogan
and Jurek 1997). With an estimated population size of over 100
million across the continental United States, the abundance of
free-roaming cats introduces many ecological as well as eco-
nomic challenges (Winter 2004; Doherty et al. 2017; Lepczyk and
Duffy 2018). While any cat, owned or unowned, that is allowed

access to the outdoors can and will depredate wildlife, stray and
feral cats likely contribute to a substantial proportion of observed
wildlife mortalities, introducing a significant challenge to wildlife
conservation efforts (Medway 2004; van Heezik et al. 2010; Balogh
et al. 2011; Bonnaud et al. 2011; Medina et al. 2011; Loss et al.
2013; Loyd et al. 2013; Maeda et al. 2019).

While many previous feral cat diet studies have concen-
trated on cats living on islands or in natural environments of
high conservation concern (Bonnaud et al. 2011), fewer have fo-
cused on feral cats living in highly urban and human
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manipulated [i.e. Trap-Neuter-Return (TNR) colonies] settings
[but see Lepczyk et al. (2004); Baker et al. (2005, 2008); van
Heezik et al. (2010); Thomas et al. (2012); Krauze-Gryz et al.
(2017); Piontek et al. (2021) for examples of free-roaming, owned
cat diet studies in urban settings]. In cities, widely-used feral cat
management practices, such as TNR programs, result in the for-
mation of high-density cat ‘colonies’ centered around human-
provided, communal food sources and shelters (Levy and
Crawford 2004). While it is often advertised that feeding
reduces/eliminates a cat’s reliance on prey (Dietary Biology:
What Feral & Stray Cats Really Eat), cats are opportunistic hunt-
ers and are known to consume natural prey despite being regu-
larly fed, placing increased stress on the wildlife communities
that persist in cities (Woods et al. 2003; Baker et al. 2005; Loyd et
al. 2013). In addition, high densities of cats associated with ur-
ban colonies may increase the risk of zoonotic transmission of
disease—posing a risk to feline, wildlife and human health
(Gerhold and Jessup 2013; Lepczyk et al. 2015). These effects
may be further exacerbated by alterations to the spatial organi-
zation and movement patterns of cats induced by certain
aspects of urban living. For example, in urban colonies where
resource requirements are eliminated by food subsidies, indi-
vidual cats may maintain much smaller home ranges and toler-
ate higher degrees of spatial overlap with other cats in the
colony (Haspel and Calhoon 1989; Devillard et al. 2003, 2004;
Kaeuffer et al. 2004). Thus, although resource provisioning in as-
sociation with a TNR program is often presented as a manage-
ment tool, the presence of colony structures may lead to rapid
depletions in local prey species and increased transmission of
zoonotic pathogens, resulting in serious consequences for the
surrounding environment as well as the well-being of the cats.

Analyses of predator diets from fecal samples have tradi-
tionally relied on the morphological identification of undigested
remains. However, morphological diet studies are limited by
their inability to detect rare prey items, difficulties correctly
classifying prey from reference skeletons and the potential to
miss soft-bodied organisms, causing predation effort to often be
underestimated (Shehzad et al. 2012). For example, previous
studies have shown that the use of morphological techniques
alone considerably underestimates the rate of consumption for
certain taxa including birds as well as overall dietary diversity
(Oja et al. 2017; Massey et al. 2021). Although DNA isolated from
highly degraded scat may be lower quality, potentially inhibit-
ing the accurate identification of some taxa, a comparison of
the two methods revealed that use of molecular techniques
results in fewer misassigned species compared to morphologi-
cal approaches (Massey et al. 2021). In addition, morphological
techniques become further limited when undigested remains
are rare or entirely absent in the scat, which was common
among the scat observed in urban parks (pers. obs L.D.P.).
Recent attempts to use isotopic analyses to differentiate be-
tween natural prey and anthropogenic food in the diet of free-
roaming cats have also had limited success due to high varia-
tion in C and N isotope values in cat food (Maeda et al. 2019;
McDonald et al. 2020).

Next-generation sequencing techniques offer a higher reso-
lution alternative to both isotopic and morphological
approaches (Shehzad et al. 2012; Forin-Wiart et al. 2018).
Additionally, the increased detection sensitivities of High-
Throughput Sequencing methods require smaller sample sizes
compared to traditional morphological approaches (Trites and
Joy 2005; Casper et al. 2007). In this study, we aimed to quantify
the frequency of occurrence (FOO) of vertebrate prey in the diet
of five urban cat colonies on Staten Island, New York City (NYC)

using a next-generation sequencing approach. We hypothe-
sized that (1) cats living in urban colonies would still consume
natural prey despite being regularly provided with anthropo-
genic food and (2) while the frequency of natural prey in the
diet might be similar across the colonies, the composition of
taxa represented in the diet of each colony would vary, possibly
reflecting differences in prey availability associated with the
dominant land cover type of the surrounding area (Krauze-Gryz
et al. 2017).

Materials and methods
Site selection

Across NYC’s five boroughs, there are an estimated 300 000 to 1
million unowned, free-roaming cats many of which reside in
the city’s 3100þ TNR colonies (Neighborhood Cats: Colony
Database). Urban parks provide a refuge for the city’s at least
140 formally designated rare species (McPhearson et al. 2013).
With one-third of its acreage dedicated to parks/recreation,
Staten Island, a borough of NYC, offered an ideal location to ex-
amine the relevance of natural prey to the diet of urban colony
cats. Five TNR-managed colonies of feral cats (identified by the
presence of multiple cats, evidence of cat feeding and through
conversations with local cat colony caretakers) (Lepczyk et al.
2020) located in five separate urban parks within Community
District 3 on Staten Island, NYC, were chosen to be part of this
study. All protocols involving collection of samples from feral
cats were approved by the Columbia University Institutional
Animal Care and Use Committee (AC-AABA5461) and all state
and local permits to collect samples from parks were obtained
prior to sampling.

Sample collection

Fecal samples were collected from both constructed wooden
sandboxes designed to mimic litter boxes and from communal
latrines (Carrión and Valle 2018) and stored in individual plastic
bags. Because the focus of the study was on the diet of free-
roaming, unowned cats living in TNR-managed colonies and re-
ceiving resource subsidies, a fecal sample was collected if it met
the following criteria: (1) resembled cat feces in size and shape,
(2) buried under soil/sand/leaves, (3) located in the proximity of
other samples meeting the same criteria and (4) discovered in
the immediate vicinity of the cat colony. Sites were visited a
minimum of three times—at least once between mid-July and
mid-August, mid-August and mid-September and mid-
September and the end of October 2019. During each collection,
the area surrounding the colony was searched extensively to
ensure that all scat from the period leading up to collection
were removed and to maximize the probability of collecting re-
cently deposited scat upon re-visit. During some collection
events, the area surrounding the colony was searched but no
scat was found—these sites were re-visited until a total of at
least 25 scats distributed approximately evenly across the three
collection periods (mid-July to mid-August, mid-August to mid-
September and mid-September to end-October) were collected.
Samples were stored at �80 or �20�C prior to DNA extraction.

Prey DNA extraction and amplification

DNA extraction was performed using the QIAamp Fast DNA
Stool Mini Kit (Qiagen, Hilden, Germany). Extraction followed
the kit’s protocol with the following minor adjustments made
to ensure an optimal yield of DNA. Following the mixing of 150–
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200 mg of each homogenized scat with 1 ml of inhibitEX lysis
buffer (Qiagen, Hilden, Germany), all samples were incubated at
56�C for a minimum period of 1 h and up to 12 h for samples col-
lected from sandboxes. Following incubation, samples were
centrifuged for 4 min at 13 300rpm to effectively pellet the stool
particles. In the final elution step, the samples were eluted in ei-
ther 100 or 200 ml of elution buffer for a minimum of 15 min and
up to 45 min. Concentrations of DNA in each extracted sample
were measured using a qubit or spectrometer and samples with
concentrations >2 ng/ml were considered for metabarcoding and
sequencing. DNA extracted from each scat was stored in indi-
vidual 1.5 ml tubes at �20�C for short-term storage and �80�C
for long-term storage.

To analyze the vertebrate component of the cat diet, the V5
variable region of the mitochondrial 12S gene (73–110 bp) was
amplified using a two-step PCR protocol and an approach
adapted from De Barba et al. (2014) (Supplementary Table S1).
Previous studies have shown that using this primer pair
results in both a high barcode coverage index and barcode se-
lectivity index and produces a relatively short fragment, mak-
ing it a suitable amplification target for degraded DNA (Riaz et
al. 2011). The first of the two PCRs amplified an �100 bp ampli-
con of the V5 region of the 12S vertebrate gene through the ad-
dition of 12SV5 primers modified in 50 with the addition of a
partial overhang Illumina adapter while the second PCR at-
tached unique barcode sequences to the Illumina adapters at-
tached in the first PCR.

The initial vertebrate amplicon PCR was carried out in a
12.5 ml reaction volume consisting of 6.25 ml KAPA HiFi HotStart
ReadyMix, 2 ml DNA, 0.625 ml 10 mM 12SV5 F primer, 0.625 ml
10 mM 12SV5 R primer, 2.5 ml 20 mM blocking oligonucleotides to
reduce the prevalence of cat DNA and 0.5 ml PCR grade water.
The PCR was run with an initial denaturation step of 3 min at
95�C followed by 40 cycles of 30 s at 98�C, 30 s at 58�C, 10 s at
72�C and a final elongation step for 1 min at 72�C. A PCR nega-
tive control (NC) was included in all amplifications to check for
potential contaminants. PCR reactions were subjected to gel
electrophoresis (2% agarose) at 120 V for 40 min and products of
the desired length (�150–200 bp) were purified using magnetic
beads following a previously described protocol (Rohland and
Reich 2012) prior to metabarcoding. For two of the vertebrate
PCR runs, the NCs produced an amplified product, and as a re-
sult, both NCs were included in all following steps and se-
quenced. For a subset of samples, gel electrophoresis showed
non-specific binding of the 12SV5 primers to larger segments of
DNA. These samples were re-amplified using the same protocol
but with a higher annealing temperature (60�C) to promote
more site-specific binding. The NC from this additional PCR run
amplified but not to a sufficient concentration for sequencing.

The purified products from the vertebrate amplicon PCR
were used as the DNA template for the indexing PCR, which
was performed to add unique Illumina XT Nextera indices to
Illumina adapter sequences. The index PCR was carried out in a
25 ml reaction volume with 12.5 ml Kapa Hifi Hotstart ReadyMix,
2.5 ml of each Nextera XT index, 2.5 ml DNA template and 5.0 ml
PCR grade water. The index PCR was performed with an initial
denaturation step of 95�C for 3 min followed by 8 cycles of dena-
turation at 95�C for 30 s, annealing at 55�C for 30 s, extension at
72�C for 30 s and a final extension step at 72�C for 5 min. A NC
was included in all amplifications to check for potential con-
taminants. Index PCR products were purified using the afore-
mentioned protocol and attachment of Illumina indices was
confirmed by gel electrophoresis on a subset of samples prior to
pooling. The concentrations of each sample were measured and

recorded using a spectrometer. As spectrometers may over-
estimate concentrations of DNA, each sample was normalized
to a 25 ml volume at 60 nM before 10 ml of each normalized
sample was pooled together and mixed thoroughly by pipet-
ting to ensure a high concentration of DNA from each sample
in the pool. A 100 ml aliquot was then taken from the pooled
sample and sequenced on a MiSeq instrument by paired-end
sequencing with a 30% Phi-X spike-in (Genewiz inc., South
Plainfield, NJ).

Data processing

Results from sequencing were demultiplexed by Genewiz Inc.
(South Plainfield, NJ) and fastq files were processed using the
OBITOOLS software, version 1.2.11 (Boyer et al. 2016). Using the
‘illuminapairedend’ program, the forward and reverse sequen-
ces were aligned. Aligned sequences with a quality score <40
were removed using the ‘obigrep’ program and the 12SV5 pri-
mers were trimmed from either end of each read using the
‘cutadapt’ program (Martin 2011). Unaligned sequences were
then filtered out and unique sequences were clustered together
using the ‘obiuniq’ program. Sequences shorter than 73 bp or
with a total count of �5 occurrences were removed using the
‘obigrep’ program and PCR and sequencing errors were detected
using the ‘obiclean’ program.

The remaining sequences were matched to reference
sequences in a database compiled using sequences of target
vertebrate taxa from the European Molecular Biology Laboratory
and National Center for Biotechnology Information (NCBI) tax-
onomy databases using the ‘ecotag’ command in OBITOOLS.
Taxonomy for sequences that were not identified to the order
and/or family level was resolved via submission to NCBI’s
megaBLAST tool for taxonomic assignment. The top 10 results
per sequence were downloaded and filtered to only include
results that had a 95% identity score or higher and query cover-
age of 89% or greater. Using the R package ‘taxonomizr’ version
0.5.3 (Sherrill-Mix 2019), accession numbers for each filtered re-
sult were converted into taxonomic IDs from which the taxon-
omy was extracted. Taxonomic assignments for each result
were condensed into a single vector with ‘Not Applicable’
assigned to samples with disagreements between hits. For a
subset of sequences that were not identified down to the family
level, taxonomy was manually resolved by submitting each se-
quence individually to NCBI’s megaBLAST tool and filtering the
results to only include those with a 95% or higher identity score
and 89% or higher query cover. If multiple taxa were returned,
results were examined for congruency and taxonomy was
assigned on the basis of agreement among results, FOO and bio-
logical relevance. The cleaned dataset was then filtered to only
include reads from vertebrates with a 96% or higher identity
match to a reference sequence and a minimum of 10 occur-
rences across the entire dataset (Coghlan et al. 2012; Sigsgaard
et al. 2017).

The number of reads per sample was summed from the raw
dataset and merged to the clean dataset. Reads from the same
order, family and genus for each sample were then grouped to-
gether and summed. If the proportion of summed reads at the
order, family and/or genus level represented at least 1% of the
total raw reads for the sample, then the corresponding taxon
was assumed to be from the diet and not a result of environ-
mental contamination (Elfström et al. 2014). Reads from taxa
not meeting the 1% threshold were discarded from subsequent
analyses. Diet items that could be attributed to any
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anthropogenic source including cat food (i.e. chicken, turkey,
beef and fish) or garbage were grouped together and renamed
‘catfood’.

Between the two NCs, sequences from three sources met the
1% threshold: cat food, human and cat DNA (Fig. 1 and
Supplementary Table S2). In one NC, 95.2% of the reads were
from a human source, 1.39% were from a felid and 1.13% were
from cat food. Of the 1.13% from cat food, the number of reads
from each source (Galliformes and Clupeiformes) did not inde-
pendently meet the 1% threshold for inclusion. In the other NC,
38.95% of the reads were from a human source and 60% were
from cat food, specifically chicken. Because the 12SV5 primers
are universal primers and sensitive to all vertebrate DNA, con-
tamination is difficult to control even with good lab practices.
While it is possible that the cats may have scavenged on human
carcasses, due to its presence in the NC, sequence data match-
ing to human was assumed to have resulted from contamina-
tion during collection or environmental contamination and was
excluded from the analysis. The presence of sequence data
matching to cat food items in the NCs did not hinder future
analyses as all cats were fed at least daily and assumed to con-
sume cat food. The presence of cat sequences in the NCs did not
affect the diet analyses either as cat DNA was only used to iden-
tify the samples as being from cats, in addition to the other
aforementioned criteria. As a result, only reads from humans
were discarded at this step.

In some samples, DNA from potential non-cat sources (i.e.
raccoons, opossums, deer, etc.) met the 1% threshold (Fig. 1 and

Supplementary Table S2). While the cats may have fed on the
carcasses of some of these species, these taxa are also known to
frequent the feeding stations and scavenge in the nearby
latrines (pers. obs L.D.P.), making environmental contamination
a high probability. However, because the feces were collected
only if they met the aforementioned criteria, the presence of
sequences from non-target taxa was assumed as environmental
contamination and samples were only excluded if they lacked
cat DNA entirely.

Diet composition analysis—between colony variations
at the family/genus level

The FOO of each diet item was calculated as the number of
occurrences of the diet item (maximum of 1 occurrence per
sample) divided by the total number of sequenced cat scats. The
FOO of each diet item was also calculated at the colony level as
the number of occurrences of the diet item divided by the num-
ber of cat scats sequenced from the colony.

A Permutational Multivariate Analysis of Variance
(PERMANOVA) test was used to determine whether there were
significant differences (P< 0.05) in diet composition between
the five colonies based on the Jaccard dissimilarity of samples
containing cat food and/or a prey (n¼ 130) set with 999 random
permutations. To confirm that the calculated significance was
due to differences between the colonies and not within colony
heterogeneity, a dispersion test was performed. The
PERMANOVA test and dispersion test were completed using the

Figure 1: Proportion of sequence reads (>1%) per scat and NCs belonging to the lowest shared taxonomic unit among all reads (family)

Not including taxa related to cat food, 21 families representing at least 22 genera were detected in the scats. Each scat is indicated by a tick mark along the X-axis and

scats collected from the same colony (A–E) are grouped together by brackets. In subsequent analyses, reads belonging to cat (Felidae), human (Hominidae), deer

(Cervidae), opossum (Didelphidae), raccoon (Procyonidae) or dog (Canidae) were removed resulting in a total of 16 prey taxa remaining, 13 of which were resolvable to

the genus level and 3 of which were identifiable only to the family level. A breakdown of the proportion of reads per scat belonging to the lowest resolvable taxonomic

unit and separated by taxonomic grouping (amphibians, birds, medium-sized mammals and small mammals) is provided in the supplementary Fig. S1.
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R package ‘vegan’ version 2.5-6 (Oksanen 2019). To identify prey
taxa significantly (P< 0.05) affiliated with the diet of each col-
ony, a species indicator analysis was run with 9999 random per-
mutations using the R package ‘Indicspecies’ version 1.7.8
(Caceres 2020). This test identified significant correlations be-
tween certain taxa and colony groupings by determining the
point biserial correlation coefficient, which is mathematically
equivalent to the Pearson correlation coefficient.

Diet composition analysis—representation of non-
native vs. native prey

The FOO of non-native prey in the diet of each colony was cal-
culated as the number of occurrences of non-native prey, which
included the family Columbidae and the genera Mus and Sturnus,
divided by the total number of prey occurrences in the cat scat
sequenced from each colony. The FOO of native prey in the diet
of each colony was calculated as the number of occurrences of
all remaining native prey taxa divided by the total number of
prey occurrences in the samples sequenced from the colony.
PERMANOVA, dispersion and species indicator tests were per-
formed following the steps outlined above to determine
whether there were significant (P< 0.05) differences in the rep-
resentation of non-native and native prey types among the diet
of the colonies.

To assess possible relationships between the land cover of
the surrounding area and the representation of non-native vs.
native prey in the diet (hypothesis 2), the representation of dif-
ferent land cover types within a 400 m radius of the colony feed-
ing station was extracted from the 2016 National Land Cover
Database (NLCD), a 30-m resolution raster dataset that classifies
land cover into 16 classes based on a modified Anderson Level II
Classification System (Homer et al. 2020) . Analyses were con-
ducted in a projected geographic coordinate system, EPSG 2263
North American Datum of 1983/Universal Transverse Mercator
zone 18 N (NAD83/UTM zone 18 N) using Google Earth Engine
(Gorelick et al. 2017). The 400 m buffer was chosen based on the
previously reported home range size and maximum distance
observed from the colony feeding site for cats living in similar
urban colony structures (Haspel and Calhoon 1989; Nutter 2005;
Pillay et al. 2018). Two derived land cover classes were obtained
by merging the extracted 2016 NLCD land cover types—the pro-
portion developed land, calculated as the sum of the proportion
of developed (low intensity), developed (medium intensity) and
developed (high intensity) NLCD land cover classes and the pro-
portion green space, calculated as the sum of the proportion de-
veloped (open space), deciduous forest, woody wetlands,
emergent herbaceous forest, barren land (rock/sand/clay) and
shrub/scrub NLCD land cover classes.

Diet composition analysis—rarefaction analysis and
assessment of dietary diversity

To evaluate the validity of the sampling effort represented by
the composition of each colony’s diet, incidence-based rarefac-
tion and extrapolation curves were constructed using sample
size-based methodologies. Using a taxa-by-sampling-unit ma-
trix with the sampling unit defined as a single scat, rarefaction
curves were constructed using the iNext software in R (Chao
et al. 2016) and parameterized to estimate taxon richness per
site with respect to sample size. The extrapolation was ex-
tended to 45 samples to account for both the smallest and larg-
est sample sizes and set with 100 replicate bootstrapping runs
to estimate 95% confidence intervals. Estimates of taxonT
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richness were calculated based on the methods proposed in
Chao (1984, 1987) using the ‘ ChaoSpecies’ function in the
‘iNext’ package in R.

Results
Sample collection and DNA extraction/amplification

Scat was collected from each colony on a minimum of 3 and
maximum of 6 occasions between July and November 2019 with
a minimum of 1 and maximum of 18 scats collected per date
(Table 1). The total number of scats collected from each colony
ranged between 26 and 47 (Table 1). DNA was extracted from
175 scats and 141 scats (80.6%) and 2 NCs amplified to sufficient
concentrations and were successfully sequenced (Fig. 1). The
proportion of samples collected that were successfully se-
quenced from each colony ranged between 62.9% and 93.6%
(Table 1). Following read filtering/cleaning and taxonomic as-
signment, seven samples were identified as non-cat and re-
moved resulting in 134 total scats included in subsequent diet
analyses (Supplementary Table S2).

Overall diet composition

Not including the taxa that could be contributed to cat food (i.e.
cow, chicken and fish), the cat scat contained DNA from 22 dif-
ferent vertebrate taxa, 16 of which were determined as probable
prey items (i.e. not due to environmental/human contamina-
tion or possible scavenging on carcasses) (Fig. 1). Of the 16, 13
were identifiable to the genus level and 3 were only resolvable
to the family level. In total, 58.2% of scat samples contained
DNA from at least one of the 16 prey taxa. Cat food was present
in 94.3% of the scat samples and the number of prey items per
scat ranged from zero to five. Colony D (10 taxa) and colony B (7
taxa) had the most taxon rich diets while colonies A (5 taxa), C
(4 taxa) and E (5 taxa) had the least taxon rich diets. The
incidence-based rarefaction curves reached an asymptote for
colonies A, C and E between 20 and 30 samples indicating suffi-
cient sampling effort for these sites (Supplementary Fig. S2a).
However, the curves for colonies B and D did not reach an as-
ymptote with an estimated 12 taxa missing (Supplementary Fig.
S2a). The extrapolated curves predicted that colony B’s diet was
the most taxon rich followed by colony D. The diets of colonies
A, C and E were predicted to be both similarly taxon rich as well
as less taxon rich overall. However, overlap between the confi-
dence intervals of the extrapolated curves suggest that further
analysis is needed to confidently state differences. The esti-
mated sample coverage for colonies A, C, D and E were in excess
of 90% indicating that the most abundant taxa were likely pre-
sent in the samples analyzed (Supplementary Fig. S2b).
Sampling effort for colony B was not as thorough with a sample
coverage just below 85% (Supplementary Fig. S2b).

Diet composition by colony at family/genus level

Across all sites, natural prey occurred at similar frequencies in
the diet (Table 2) (colony A¼ 54.5%, colony B¼ 48.3%, colony
C¼ 29.4%, colony D¼ 48.4% and colony E¼ 52.8%). The
PERMANOVA test confirmed statistically significant dissimilar-
ity between the compositions of prey taxa in the diet of each
colony (PERMANOVA F4,125¼ 5.1417, P< 0.001). The significant
variation was because of between colony variation and not
within colony dispersion (F4,125¼ 1.391, P¼ 0.249). The presence
of Peromyscus, Sciurus, Sturnus, Melospiza, Columbidae or Mus
contributed significantly to the dissimilarity between colonies
with the presence of Peromyscus (%FOO, B¼ 46.7%; Species
Indicator Test, rphi ¼ 0.485, P< 0.05) (Table 3) and Sciurus
(%FOO, B¼ 13.3%; Species Indicator Test, rphi ¼ 0.27, P< 0.05)
(Table 3) associated with colony B, presence of Sturnus (%FOO,
E¼ 14.8%; Species Indicator Test, rphi ¼ 0.36, P< 0.05) (Table 3)
correlated with colony E, presence of Melospiza correlated with
colony D (%FOO, D¼ 13.9%; Species Indicator Test, rphi ¼ 0.34,
P< 0.005) (Table 3), presence of Columbidae associated with col-
onies A and E (%FOO, A¼ 61.9%; %FOO, E¼ 33.3%; Species
Indicator Test, rphi ¼ 0.53, P< 0.005) (Table 3) and presence of
Mus associated with all colonies except colony B (%FOO,
A¼ 38.1%; %FOO, C¼ 25%; %FOO, D¼ 34.9%; %FOO, E¼ 48.2%;
Species Indicator Test, rphi ¼ 0.27, P< 0.05) (Table 3). With the
exception of colony D, colonies with a high FOO of the genus
Mus had no occurrences of the other mouse genus, Peromyscus
(Fig. 2b and Table 3). Similarly, a high frequency of the family
Columbidae was also paired with a low or no frequency of song
birds (Fig. 2b and Table 3).

Diet composition by prey type (native vs. non-native)

Overall, the scat samples contained DNA from 3 non-native
prey taxa, including the genera Mus and Sturnus and the family
Columbidae, and 13 native prey taxa. While some of the
Columbidae sequence reads may have been from native mourn-
ing doves (Zenaida macroura), of the eight scats containing reads
from the family Columbidae, seven had a sub-threshold num-
ber of reads identified to the genus Columba and none had reads
matching to the genus Zenaida. Thus, sequences belonging to
this family were assumed to be from the genus Columba of
which only non-native Columba livia (feral pigeon) are found in
New York (Supplementary Table S3). In total, non-native prey
was present in 44.03% of the fecal samples and native prey oc-
curred in 25.4% of the scat samples. Of the samples containing
native prey taxa, 11.8% contained DNA from two different na-
tive prey taxa and 5.9% had occurrences of three different native
prey taxa totaling 42 occurrences of native prey.

The PERMANOVA test revealed statistically significant dis-
similarity between the frequency of anthropogenic food, non-
native prey and native prey in the diet of each colony

Table 2: %FOO of natural prey (not including cat food or taxa that may have been present due to environmental contamination or scavenging),
avian prey, small mammal prey, non-native prey and native prey in the diet of each colony (A–E)

Colony % frequency of occurrence

Natural prey Avian prey Small mammal prey Non-native prey Native prey

A 54.5 58.3 33.3 87.5 12.5
B 48.3 28.6 71.4 7.1 92.9
C 29.4 20 80 80 20
D 48.4 37.5 60 45 55
E 52.8 46.4 50 92.9 7.1
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(PERMANOVA F4,125¼ 7.85, P< 0.001). The dispersion test con-
firmed that the significance detected by the PERMANOVA test
was due to between colony variation and not within colony dis-
persion (F4,125¼ 2.44, P¼ 0.2). The presence of non-native prey
or native prey contributed significantly to the dissimilarity be-
tween colonies with the presence of non-native prey associated
with the diet of cats residing in colonies A and E (%FOO,
A¼ 87.5%; %FOO, E¼ 92.9%; Species Indicator Test, rphi ¼ 0.515,
P< 0.0001) (Fig. 3a and Table 2) and the presence of native prey
correlated with the diet of cats living in colonies B and D (%FOO,
B¼ 92.9%; %FOO, D¼ 55%; Species Indicator Test, rphi ¼ 0.48,
P< 0.0001) (Fig. 3a and Table 2). No significant associations were
found between cat food and any given colony, which was
expected as every colony consumed cat food at a high
frequency.

Our assessment of the land cover composition in the 400 m
area surrounding each colony showed that the dominant
(>50%) land cover type differed between colonies. Developed
land was the dominant land cover type surrounding colonies A,
C and E (A¼ 72.47%, C¼ 77.74%, E¼ 70%) (Fig. 3b and
Supplementary Table S4) while green space dominated the area
surrounding colonies B and D (B¼ 56.53%, D¼ 70.1%) (Fig. 3b and

Supplementary Table S4). Colonies A, C and E also consumed
non-native prey more frequently than native prey whereas the
opposite was true for colonies B and D (Fig. 3a and Table 2).
However, due to the limited number of colonies included in this
study (n¼ 5 colonies), we were unable to identify statistically
significant correlations between %FOO native vs. non-native
prey and the dominant land cover type surrounding each
colony.

Discussion

In support of our first hypothesis, we found that despite being
provisioned with food on a regular basis, urban colony cats will
still supplement their diet with natural prey. In support of our
second hypothesis, the FOO of certain taxa varied between scat
collected from different colonies, with non-native taxa more
abundant in scat collected from colonies A, C and E and native
prey more common in scat collected from colonies B and D. We
also noted that green space was the dominant land cover type
in the area surrounding colonies that more frequently con-
sumed native prey (B and D) whereas non-native prey was more
common in the diet of colonies located in more heavily

Table 3: %FOO of each prey taxon in the diet of each colony (A–E)

Diet item Frequency of occurrence (%)

Group Family/genus Most likely species Prey type A B C D E
n¼ 21 n¼ 15 n¼28 n¼ 43 n¼ 27

Other Cat food NA Anthropogenic 95.2 100 85.7 97.7 92.6
Birds Columbidae Columba livia (feral pigeon) Non-native 61.9 0 3.57 6.97 33.3

Sphyrapicus Sphyrapicus varius (yellow-
bellied sapsucker)

Native 4.8 6.7 0 2.33 0

Colaptes Colaptes auratus (Northern
flicker)

Native 0 0 3.6 0 0

Turdus Turdus migratorius
(American robin)

Native 0 6.7 0 2.3 0

Parulidae Unknown warbler Native 0 6.7 0 2.3 0
Melospiza Melospiza melodia (song

sparrow)
Native 0 0 0 13.9 0

Cardinalis Cardinalis cardinalis
(Northern cardinal)

Native 0 0 0 2.3 0

Corvidae Cyanocitta cristata (blue jay) Native 0 6.7 0 0 0
Dumetella Dumetella carolinensis (gray

catbird)
Native 0 0 0 4.7 0

Sturnus Sturnus vulgaris (European
starling)

Non-native 0 0 0 0 14.8

Small
mammals

Mus Mus musculus (house
mouse)

Non-native 38.1 6.7 25 34.9 48.2

Peromyscus Peromyscus leucopus (white-
footed mouse)

Native 0 46.7 0 20.9 0

Sciurus Sciurus carolinensis (eastern
gray squirrel)

Native 0 13.3 3.6 0 0

Sylvilagus Sylvilagus floridanus (Eastern
cottontail)

Native 0 0 0 0 3.7

Amphibians Desmognathus Desmognathus fuscus
(Northern dusky

salamander)

Native 4.8 0 0 0 3.7

Lithobates Lithobates catebeianus
(American bullfrog)

Native 4.8 0 0 2.3 0

Prey taxa (not including cat food or taxa that may have been scavenged or present due to environmental contamination) were classified as either non-native prey or

native prey. The most likely species was determined by examining the number of species in each genus present in New York (Supplementary Table S3). The frequency

of occurrence of each prey taxon was calculated as the number of sequenced cat scats from a colony containing that taxon divided by the total number of sequenced

cat scats from the colony (n).
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developed areas (A, C and E). We suggest that these differences
may in part be explained by variations in the prey community
composition of each park related to differences in the land cover
surrounding each colony. However, because of the limited num-
ber of colonies included in our study, we were not able to test
these trends statistically. Future studies should incorporate the
abundance of native vs. non-native prey present in different
land cover types across the urban landscape to assess how a
colony’s location may predict its risk to local biodiversity.

While the process of urbanization is often assumed to result
in biotic homogenization, research on rodent (Cavia et al. 2009)
and avian (Aronson et al. 2014) communities indicate that urban
areas harbor diverse species assemblages, with vegetation
structure serving as a strong determinant of a city’s ability to
support a multiplicity of fauna (Sims et al. 2007; McKinney 2008;
Faeth et al. 2011; La Sorte et al. 2020). Thus, the presence of

high-density cat colonies near/in urban green spaces is of par-
ticular concern when seeking to maintain and promote a city’s
biodiversity (Lepczyk et al. 2020). As opportunistic predators,
the diet of cats generally reflects the composition and availabil-
ity of the different prey species in the area (Duffy and Capece
2012; Loyd et al. 2013; Széles et al. 2018). We found that varia-
tions in the diet composition of cats are present even among
colonies located in the same urban neighborhood and predict-
ably reflect our understanding of urban rodent and avian com-
munity dynamics, which are broadly influenced by each prey
taxon’s response to varying degrees of urbanization (Nupp and
Swihart 1996; Anderson 2003; Crooks et al. 2004; Wilder and
Meikle 2005; McKinney 2006; Gomez et al. 2008; Palacio et al.
2018). Thus, the identification of high-risk zones to inform ini-
tial targets for removal and/or increased surveillance to prevent
colony establishment may be possible using predictors, such as

Figure 2: FOO of prey taxa in the diet of all colonies combined (a) and separated by colony affiliation (b, A–E)

Prey taxa were identified to the family/genus level and patterned by taxonomic group. While a cat could consume multiple individuals belong-
ing to the same prey taxon, the number of occurrences/prey taxon/scat was limited to a maximum of one occurrence to avoid potential biases
in sequence amplification.
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colony diet composition, surrounding habitat type and the pre-
dicted abundance of different prey species associated with cer-
tain habitat types.

While our study design was effective at characterizing the
diet of a small sample of urban cat colonies, additional data on

the colony age structure and size, local prey community compo-
sition and abundances, and the diet of additional colonies
would allow for a more robust determination of the factors
influencing diet composition. In addition, patterns of seasonal
prey abundance (i.e. avian seasonal migratory patterns) are also

Figure 3: FOO of non-native vs. native prey in the diet of each colony (a) alongside the land cover composition of the area surrounding each colony (b)

The FOO of each prey type was calculated as the number of occurrences of native or non-native prey divided by the total number of prey occur-
rences from each colony (A–E). Pie charts represent the proportion of each land cover class from MLRC’s 2016 NLCD Land Cover database within
a 400 m radius of the colony’s feeding station. Developed land cover types are colored in shades of blue–gray and abbreviated as follows: HI—
high intensity, MI—medium intensity, LI—low intensity. Land cover types associated with green space/natural areas are colored in shades of
green/brown and abbreviated as follow: OS—open space, EH—emergent herbaceous. Proportions are rounded to the nearest whole percent.
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likely to impact cat diet composition, and our sampling effort
was limited to late-summer/fall in the northern hemisphere.
Thus, additional sampling over multiple seasons should be in-
corporated into future studies (Krauze-Gryz et al. 2017).
Furthermore, our study was limited to investigate the verte-
brate component of cat diet and it is important to note that
cats may also hunt and consume invertebrates (Dickman and
Newsome 2015).

While molecular methods offer a promising advancement to
diet analyses, prey quantification via molecular technology
remains difficult and the number of sequences cannot be used
as a reliable metric for quantity due to biases in sequence am-
plification (Shehzad et al. 2012; Zarzoso-Lacoste et al. 2016;
Forin-Wiart et al. 2018). As a result, molecular methods are lim-
ited to estimate the FOO of certain prey species and cannot pro-
vide reliable estimates of prey biomass or volume, which are
needed to approximate the relative importance of a prey item to
the diet (Klare et al. 2011; Hervı́as et al. 2014). Therefore, our ap-
proach was restricted to estimating the presence or absence of
vertebrate prey in each scat. Presence/absence data may either
result in an underestimation of the relevance of a prey species
to the diet as each occurrence is assumed to represent a single
predation event or may overestimate the relevance to the diet if
DNA from the same predation event is reflected in multiple
scats. To minimize the risk of potentially overestimating the
relevance of certain prey genera to the diet, samples were col-
lected at multiple intervals and multiple locations over a 5-
month period. However, a more thorough, although costly, ap-
proach would be to sequence unique molecular markers and de-
termine the number of samples deposited by the same
individual allowing for confirmation that the time between col-
lections was sufficient to allow for complete digestion as well as
to verify the number of unique cats represented by the sampling
effort (Menotti-Raymond et al. 1999). In addition, while molecu-
lar methods, morphological techniques and isotopic analyses
all provide an estimate of the consumption frequency of differ-
ent prey items, an understanding of the abundance of the prey
(availability) is also needed to assess the importance of different
prey to the predator’s diet as well as the overall effect of preda-
tion on the prey population.

In conclusion, the use of molecular scatology to determine
the diet of feral cats offers a promising approach to addressing
the impact that these highly abundant and invasive predators
have on urban ecosystems. While previous studies have quanti-
fied the diet of feral cats by classifying undigested prey remains
based on morphology, diet items are often sorted into broad cat-
egories, such as rodents, birds and amphibians (Yip et al. 2014).
Although there are benefits to this method (i.e. estimating prey
biomass), the technique is also prone to missing rare prey
items, underestimating prey diversity and misclassifying prey
taxa (Zarzoso-Lacoste et al. 2016; Oja et al. 2017; Massey et al.
2021). While feral cats are a well-established threat to biodiver-
sity, reliance on these traditional methods may severely under-
estimate the risk they pose to wildlife. This limitation is of
particular concern in urban settings where the identification of
undigested remains in scat may be obscured by an overabun-
dance of anthropogenic food in the diet. Molecular approaches
not only improve the resolution of diet analyses by allowing for
genus and even species level classifications but, with the addi-
tion of universal primers and metabarcoding techniques, are
also capable of simultaneously detecting multiple taxonomic
groups of organisms from many scats at a relatively low cost
(Shehzad et al. 2012; Forin-Wiart et al. 2018; Massey et al. 2021).

Our findings show that urban colony cats consume native
wildlife in city parks despite being regularly fed. Thus, it is vital
that policies regarding the management of NYC’s feral cat pop-
ulation and/or the conservation of the city’s wildlife communi-
ties consider the impact that these highly abundant predators
likely have on the surrounding environment despite the efforts
of current management programs (i.e. TNR, resource
provisioning).

Supplementary data

Supplementary data are available at JUECOL online.
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, Say, L., and (2003) ‘Dispersal Pattern of Domestic
Cats (Felis catus) in a Promiscuous Urban Population: Do
Females Disperse or Die?’, Journal of Animal Ecology, 72: 203–11.

Dickman, C. R., and Newsome, T. M. (2015) ‘Individual Hunting
Behaviour and Prey Specialisation in the House Cat Felis catus:
Implications for Conservation and Management’, Applied
Animal Behaviour Science, 173: 76–87.

Dietary Biology: What Feral & Stray Cats Really Eat alleycat.org.
<https://www.alleycat.org/resources/biology-and-behavior-
of-the- cat/#:�:text¼The%20Unglamorous%20Life%20of%
20a,food%20is%20easiest%20to%20find> accessed 1 July 2020.

Doherty, T. S. et al. (2017) ‘Impacts and Management of Feral
Cats Felis catus in Australia’, Mammal Review, 47: 83–97.

Elfström, M. et al. (2014) ‘Do Scandinavian Brown Bears
Approach Settlements to Obtain High-Quality Food? ’,
Biological Conservation, 178: 128–35.

Faeth, S. H., Bang, C., and Saari, S. (2011) ‘Urban Biodiversity:
Patterns and Mechanisms: Urban Biodiversity’, Annals of the
New York Academy of Sciences, 1223: 69–81.

Forin-Wiart, M.-A. et al. (2018) ‘Evaluating Metabarcoding to
Analyse Diet Composition of Species Foraging in
Anthropogenic Landscapes Using Ion Torrent and Illumina
Sequencing’, Scientific Reports, 8: 17091.

Gerhold, R. W., and Jessup, D. A. (2013) ‘Zoonotic Diseases
Associated with Free-Roaming Cats: Zoonoses and
Free-Roaming Cats’, Zoonoses and Public Health, 60: 189–95.

Gomez, M. D. et al. (2008) ‘A Population Study of House Mice (Mus
musculus) Inhabiting Different Habitats in an Argentine Urban
Area’, International Biodeterioration & Biodegradation, 62: 270–3.

Gorelick, N. et al. (2017) ‘Google Earth Engine: Planetary-Scale
Geospatial Analysis for Everyone’, Remote Sensing of Environment,
202: 18–27.

Haspel, C., and Calhoon, R. E. (1989) ‘Home Ranges of
Free-Ranging Cats (Felis catus) in Brooklyn, New York’,
Canadian Journal of Zoology, 67: 178–81.

Hervı́as, S. et al. (2014) ‘Assessing the Impact of Introduced Cats
on Island Biodiversity by Combining Dietary and Movement
Analysis: Trophic Ecology and Movements of Cats’, Journal of
Zoology, 292: 39–47.

Homer, C. G. et al. (2020) ‘Conterminous United States Land
Cover Change Patterns 2001–2016 from the 2016 National Land
Cover Database’, ISPRS Journal of Photogrammetry and Remote
Sensing, 162: 184–99.

Kaeuffer, R. et al. (2004) ‘Effective Size of Two Feral Domestic Cat
Populations (Felis catus L.): Effect of the Mating System:
EFFECTIVE SIZE oF TWO FERAL CAT POPULATIONS’, Molecular
Ecology, 13: 483–90.

Klare, U., Kamler, J. F., and Macdonald, D. W. (2011) ‘A
Comparison and Critique of Different Scat-Analysis Methods
for Determining Carnivore Diet: Comparison of Scat-Analysis
Methods’, Mammal Review, 41: 294–312.

Krauze-Gryz, D., _Zmihorski, M., and Gryz, J. (2017) ‘Annual
Variation in Prey Composition of Domestic Cats in Rural and
Urban Environment’, Urban Ecosystems, 20: 945–52.

La Sorte, F. A. et al. (2020) ‘Area is the Primary Correlate of Annual
and Seasonal Patterns of Avian Species Richness in Urban
Green Spaces’, Landscape and Urban Planning, 203: 103892.

Lepczyk, C. A. D. C. and Duffy, 2018. ‘Feral Cats’, in W.C. Pitt, J.C.
Beasley, and G.W. Witmer (eds) Ecology and Management of
Terrestrial Vertebrate Invasive Species in the United States, pp.
269–310. Boca Raton, FL: CRC Press.

Lepczyk, C. A. et al. (2020) ‘Quantifying the Presence of Feral Cat
Colonies and TOXOPLASMA GONDII in Relation to Bird
Conservation Areas on O’ahu, Hawai’i’, Conservation Science and
Practice, 2: e179.

, Lohr, C. A., and Duffy, D. C. (2015) ‘A Review of Cat
Behavior in Relation to Disease Risk and Management
Options’, Applied Animal Behaviour Science, 173: 29–39.

, Mertig, A. G., and Liu, J. (2004) ‘Landowners and Cat
Predation across Rural-to-Urban Landscapes’, Biological
Conservation, 115: 191–201.

Levy, J. K., and Crawford, P. C. (2004) ‘Humane Strategies for
Controlling Feral Cat Populations’, Journal of the American
Veterinary Medical Association, 225: 1354–60.

Loss, S. R., Will, T., and Marra, P. P. (2013) ‘The Impact of
Free-Ranging Domestic Cats on Wildlife of the United States’,
Nature Communications, 4: 1396.

Loyd, K. A. T. et al. (2013) ‘Quantifying Free- Roaming Domestic
Cat Predation Using Animal-Borne Video Cameras’, Biological
Conservation, 160: 183–9.

Maeda, T. et al. (2019) ‘Predation on Endangered Species by
Human-Subsidized Domestic Cats on Tokunoshima Island’,
Scientific Reports, 9: 16200.

Use of molecular scatology to assess the diet of feral cats living in urban colonies | 11

D
ow

nloaded from
 https://academ

ic.oup.com
/jue/article/7/1/juab022/6408966 by guest on 25 N

ovem
ber 2022

https://cran.r-project.org/web/packages/indicspecies/vignettes/indicspeciesTutorial.pdf
https://cran.r-project.org/web/packages/indicspecies/vignettes/indicspeciesTutorial.pdf
http://chao.stat.nthu.edu.tw/wordpress/software_download/
http://chao.stat.nthu.edu.tw/wordpress/software_download/
https://www.alleycat.org/resources/biology-and-behavior-of-the- cat/#:&hx0026;sim;:text=The%20Unglamorous%20Life%20of%20a,food%20is%20easiest%20to%20find
https://www.alleycat.org/resources/biology-and-behavior-of-the- cat/#:&hx0026;sim;:text=The%20Unglamorous%20Life%20of%20a,food%20is%20easiest%20to%20find
https://www.alleycat.org/resources/biology-and-behavior-of-the- cat/#:&hx0026;sim;:text=The%20Unglamorous%20Life%20of%20a,food%20is%20easiest%20to%20find
https://www.alleycat.org/resources/biology-and-behavior-of-the- cat/#:&hx0026;sim;:text=The%20Unglamorous%20Life%20of%20a,food%20is%20easiest%20to%20find
https://www.alleycat.org/resources/biology-and-behavior-of-the- cat/#:&hx0026;sim;:text=The%20Unglamorous%20Life%20of%20a,food%20is%20easiest%20to%20find


Martin, M. (2011) ‘Cutadapt Removes Adapter Sequences from
High-Throughput Sequencing Reads’, EMBnet.journal, 17: 10–2.

Massey, A. et al. (2021) ’Comparison of mechanical sorting and
DNA metabarcoding for diet analysis with fresh and degraded
wolf scats. Ecosphere12( 6):e03557

McDonald, B. W. et al. (2020) ‘High Variability within Pet Foods
Prevents the Identification of Native Species in Pet Cats’ Diets
Using Isotopic Evaluation’, PeerJ, 8: e8337.

McKinney, M. L. (2006) ‘Urbanization as a Major Cause of Biotic
Homogenization’, Biological Conservation, 127: 247–60.

(2008) ‘Effects of Urbanization on Species Richness: A
Review of Plants and Animals’, Urban Ecosystems, 11: 161–76.

McPhearson, T. et al. (2013) ‘Local Assessment of New York City:
Biodiversity, Green Space, and Ecosystem Services’, in T.
Elmqvist. et al. (eds) Urbanization, Biodiversity and Ecosystem
Services: Challenges and Opportunities: A Global Assessment, pp.
355–383. the Netherlands: Springer.

Medina, F. M. et al. (2011) ‘A Global Review of the Impacts of
Invasive Cats on Island Endangered Vertebrates’, Global Change
Biology, 17: 3503–10.

Medway, D. G. . (2004) The land bird fauna of Stephens Island,
New Zealand in the early 1890s, and the cause of its
demise. Notornis, 54: 201–11.

Menotti-Raymond, M. et al. (1999) ‘A Genetic Linkage Map of
Microsatellites in the Domestic Cat (Felis catus)’, Genomics, 57:
9–23.

Neighborhood Cats: Colony Database neighorhoodcats.org. <

https://www.neighborhoodcats.org/tnr-in-nyc/colony-data
base> accessed 1 July 2020.

Nupp, T. E., and Swihart, R. K. (1996) ‘Effect of Forest Patch Area
on Population Attributes of White-Footed Mice (Peromyscus leu-
copus) in Fragmented Landscapes’, Canadian Journal of Zoology,
74: 467–72.

Nutter, F. B. (2005) ‘Evaluation of a trap -neuter -return manage-
ment program for feral cat colonies: Population dynamics,
home ranges, and potentially zoonotic diseases’, ProQuest Diss.
Theses. <http://ezproxy.cul.columbia.edu/login?url¼https://
search.proquest.com/docview/305396626?accountid¼ 10226>
accessed 1 July 2020.

Ogan, C. V., and Jurek, R. M. (1997) ‘Biology and Ecology of Feral,
Free-Roaming and Stray Cats’, in J.E. Harris, and C.V. Ogan
(eds) Mesocarnivores of Northern California: Biology, Management
and Survey Techniques, Workshop Maual. August 12-15, 1997,
Humboldt State University, Arcata, CA, pp. 127. Arcata, CA: The
Wildlife Society, California North Coast Chapter.

Oja, R. et al. (2017) ‘Non-Invasive Genetics Outperforms morphologi-
cal620 Methods in Faecal Dietary Analysis, Revealing Wild Boar as
a Considerable Conservation Concern for Ground-Nesting Birds’,
PLoS One, 12: e0179463.

Oksanen, J. et al. (2019) vegan: Community Ecology Package R package
(Version 2.5-6). <https://CRAN.R-project.org/package¼vegan>
accessed 1 July 2020.

Palacio, F. X. et al. (2018) ‘Urbanization as a Driver of Taxonomic,
Functional, and Phylogenetic Diversity Losses in Bird
Communities’, Canadian Journal of Zoology, 96: 1114–21.

Pillay, K. R., Streicher, J., and Downs, C. T. (2018) ‘Home Range
and Habitat Use of Feral Cats in an Urban Mosaic in
Pietermaritzburg, KwaZulu-Natal, South Africa’, Urban
Ecosystems, 21: 999–1009.

Piontek, A. M. et al. (2021) ‘Analysis of Cat Diet across an
Urbanisation Gradient’, Urban Ecosystems, 24: 59–69.

Riaz, T. et al. (2011) ‘ecoPrimers: Inference of New DNA Barcode
Markers from Whole Genome Sequence Analysis’, Nucleic Acids
Research, 39: e145.

Rohland, N., and Reich, D. (2012) ‘Cost-Effective,
High-Throughput DNA Sequencing Libraries for Multiplexed
Target Capture’, Genome Research, 22: 939–46.

Shehzad, W. et al. (2012) ‘Carnivore Diet Analysis Based on
Next-Generation Sequencing: Application to the Leopard Cat
(Prionailurus bengalensis) in Pakistan: LEOPARD CAT DIET’,
Molecular Ecology, 21: 1951–65.

Sherrill-Mix, S. (2019) taxonomizr: Functions to Work with NCBI
Accessions and Taxonomy (Version 0.5.3.) <https://CRAN.R-proj
ect.org/package¼taxonomizr> accessed 1 July 2020.

Sigsgaard, E. E. et al. (2017) ‘Seawater Environmental DNA
Reflects Seasonality of a Coastal Fish Community’, Marine
Biology, 164: 128.

Sims, V. et al. (2007) ‘Avian Assemblage Structure and Domestic
Cat Densities in Urban Environments: Urban Cats and Birds’,
Diversity and Distributions, 14: 387–99.
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