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Abstract: Domestic cats (Felis catus) are ubiquitous predators of birds in urban areas. In addition
to the lethal effect of predation, there can also be sublethal, negative effects of domestic cats on
individual birds. These effects have led to the inference that reducing outdoor cat densities would
benefit urban bird communities. Here we estimate the likely result of policies/programs designed
to reduce densities of owned outdoor cats in urban areas, estimating relationships between bird
richness/abundance and cat densities across 58 landscapes in Ottawa, Ontario, Canada. We estimate
that we would most likely observe one additional bird species, and 0.003 additional individuals per
species, if policies/programs reduced owned outdoor cat densities to zero in an average landscape
in Ottawa (with 130.2 cats/km2). However, these effects of cat density on birds were uncertain,
with 95% confidence intervals crossing zero. Our findings—in combination with those of previous
studies—suggest a need for research to resolve the apparent disconnect between the strong, negative
effects of cats on individual urban birds and the weak, uncertain effects of cats on bird populations.
Although measures that reduce owned outdoor cat densities are justified based on the precautionary
principle, evidence to date does not support prioritizing these measures over those addressing threats
that have consistently strong effects on bird populations.

Keywords: conservation; domestic cat; Felis catus; house cat; migration status; mortality; urban; cat
predation; landscape of fear

1. Introduction

Free roaming domestic and feral cats (Felis catus) are ubiquitous predators of birds
in urban areas. An individual cat may kill 10 s to 100 s of birds per year [1,2]. This, in
turn, may lead to millions of birds killed per year in cities, where high cat densities are
supported by an abundance of anthropogenic food sources and reduced predator densities.
For example, Sims et al. [3] reported owned outdoor cat densities up to 1579 cats/km2 in
urban areas in the UK. Aguilar and Farnworth [4] estimated that unmanaged cat colonies
could reach densities of 36 colonies/km2 in Auckland City, New Zealand.

Cats can also affect urban bird populations indirectly. They can transmit diseases
to birds, resulting in additional mortality [5–7]. Cats can reduce bird fitness by reducing
access to high-quality foraging or nesting sites [8–10], and reduce fledgling success by
increasing nest defense at the expense of provisioning young [11]. Additionally, the threat
of predation can cause physiological changes in birds that reduce reproductive success [12].

These effects of cats on individual birds have led to the inference that reducing the
density of free roaming cats in urban areas would increase the abundance and diversity
of urban bird communities [13–15], although this view is not universal [16,17]. Never-
theless, this inference has, at least in part, led many urban municipalities to contemplate
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or introduce legislation to keep owned cats indoors [18–20]. In direct response to the
threat of domestic cats for birds and other animals, the Australian Capital Territory has
designated “cat containment areas”, where residents are required to keep owned cats
indoors or use purpose-built outdoor enclosures to keep them on the premises [21]. Con-
servation organizations have also implemented education programs designed to convince
owners to keep their cats indoors (e.g., the “Cats Indoors” program of the American Bird
Conservancy [15]).

However, this inference assumes a strong negative relationship between owned out-
door cat density and bird diversity and abundance. This assumption needs to be tested, as
the effect of cat density could be small compared to other impacts on bird diversity and
abundance in cities, and/or the effects of cat density on bird populations could be partly
compensated by density-dependent effects. Several studies have evaluated the relationship
between owned outdoor cat density and bird species richness/abundance across urban
locations that vary in cat density. Some reported negative relationships [3,22,23], and some
reported positive relationships [3,24]. Interpreting results of these studies can be difficult
as the relationships between cat density and bird diversity/abundance are often evaluated
without controlling for potentially confounding variables. For example, Sims et al. [3]
found a strong correlation between urban densification (number of buildings per area) and
cat density, but did not control for the potentially confounding effect of urban density on
the relationship between cat density and bird richness in their analyses. This means that
their estimated effect of cat density on bird richness may be instead due to other factors
associated with urban densification, such as traffic volume and road density.

The overall effect of cat density on bird richness or abundance may also be weak or
inconsistent if only some bird species are negatively affected by cats. Studies including only
bird species with traits that make them susceptible to cat predation should estimate stronger
negative effects of cats than studies including species that are resistant to cat effects. Traits
that could place birds at higher risk are lower body mass [25], a tendency to nest and/or
feed near the ground [26], or use of bird feeders [25]. In temperate regions migratory species
might be more likely to be excluded from areas with cats than resident species. Migratory
species generally select nesting sites later in the breeding season than resident species,
when more owned cats are outdoors due to warmer weather [27–30]. A previous study
has shown that migratory bird species can use information on the presence of predators
(signs of urine and feces) to avoid high-risk breeding locations [31]. Thus, if migratory
birds typically perceive higher cat densities at a given location than resident birds, and can
use that information to avoid such sites, then this could result in stronger declines in bird
richness and abundance with cat density for migratory species than resident species.

Here, we estimate the likely result of policies or programs designed to reduce densities
of owned outdoor cats in urban areas. Specifically, we estimated relationships between
owned outdoor cat density and urban bird richness and abundance in Ottawa, Ontario,
Canada (Figure 1), while controlling for four potentially confounding predictors of bird
richness and abundance: human population density, bird habitat availability, bird feeder
density, and non-feline predation risk. We selected these variables based on a priori ex-
pectation that they could be correlated with cat densities across landscapes, and could
have their own effects on bird species richness and abundance [32–35]. Thus, we included
these variables in the analysis to make sure that the estimated relationships between cat
density and bird richness/abundance reflected the effects of cat density on birds, rather
than effects of these correlated variables. We also estimated the effects of bird traits on
the relationship between cat density and bird richness and abundance. Specifically, we
expected occurrence or abundance of bird species with low body mass, a tendency to nest
or feed near the ground, and a tendency to use bird feeders to be most impacted by cats.
We also expected stronger declines in bird richness and abundance with cat density for
migratory species than resident species.
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centered on an Ottawa Bird Count survey location. Landscapes are classified by combinations of high or low human 
population density, and high or low vegetation cover. Human population density in each landscape is based on Statistics 
Canada 2011 Census data. Vegetation cover is the proportion of vegetation cover within each landscape, including all 
residential, commercial, and municipal areas covered by forest, individual trees, or mown grass. 

2. Materials and Methods 
2.1. Sample Landscape Selection 

We selected 58 sample landscapes across Ottawa, Ontario, Canada centered on 
breeding bird sampling sites (point count locations) from the Ottawa Bird Count (OBC; 
Figure 1). Each landscape was 250 m in diameter, which was large enough to include most 
households that have cats whose home ranges overlap the 75-m radius bird point count 
circle at the center of the landscape (Figure 2). We based this on a 2400 m2 mean owned 
outdoor cat home range in Albany, New York, USA, the urban area with published esti-
mates of domestic cat home range sizes and a population size and climate as similar as 
possible to Ottawa’s [36]. Assuming circular cat home ranges, the estimated radius of a 
cat home range is 27.6 m. Thus, a diameter of 205 m is the minimum circular area sur-
rounding the bird point count location that would include the households of most cats 
overlapping the point count circle. We rounded this up to 250 m, to allow for variability 
in cat home range sizes. We then converted this to a square landscape to simplify survey-
ing in the rectilinear street layout of Ottawa neighborhoods. 

Figure 1. Locations of the 58 sample landscapes in Ottawa, Ontario, Canada. Each landscape is a 250 m × 250 m area
centered on an Ottawa Bird Count survey location. Landscapes are classified by combinations of high or low human
population density, and high or low vegetation cover. Human population density in each landscape is based on Statistics
Canada 2011 Census data. Vegetation cover is the proportion of vegetation cover within each landscape, including all
residential, commercial, and municipal areas covered by forest, individual trees, or mown grass.

2. Materials and Methods
2.1. Sample Landscape Selection

We selected 58 sample landscapes across Ottawa, Ontario, Canada centered on breed-
ing bird sampling sites (point count locations) from the Ottawa Bird Count (OBC; Figure 1).
Each landscape was 250 m in diameter, which was large enough to include most house-
holds that have cats whose home ranges overlap the 75-m radius bird point count circle at
the center of the landscape (Figure 2). We based this on a 2400 m2 mean owned outdoor
cat home range in Albany, New York, USA, the urban area with published estimates of
domestic cat home range sizes and a population size and climate as similar as possible
to Ottawa’s [36]. Assuming circular cat home ranges, the estimated radius of a cat home
range is 27.6 m. Thus, a diameter of 205 m is the minimum circular area surrounding the
bird point count location that would include the households of most cats overlapping the
point count circle. We rounded this up to 250 m, to allow for variability in cat home range
sizes. We then converted this to a square landscape to simplify surveying in the rectilinear
street layout of Ottawa neighborhoods.
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point count location (central point). All birds within a 75 m radius of the point count location (central circle) were recorded 
and used to determine bird species richness and abundance. Door-to-door surveys were conducted within the 250 m × 250 
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effects with cat effects on birds. As we did not have cat density a priori, we initially indexed 
it with human population density, because they can be highly correlated [3]. We note that 
we only used human population density as an index of cat density for landscape selection; 
once landscapes were selected we collected data to directly estimate owned outdoor cat 
densities in each landscape (see Section 2.2 Data collection, below). To select our land-
scapes, we first used the “dissemination area” data from the Canadian census [37] to esti-
mate human population densities within a 250 × 250 m area centered on each OBC location 
(n = 166). A dissemination area is defined as one or more neighboring city blocks with a 
population of 400–700 persons. If a landscape overlapped more than one dissemination 
area, we used the area-weighted mean population density. We estimated bird habitat 

Figure 2. Four example landscapes (of 58) representing each of the four combinations of high and low human population
density, and high and low vegetation cover. Each landscape was a 250 m × 250 m area centered on an Ottawa Bird
Count point count location (central point). All birds within a 75 m radius of the point count location (central circle) were
recorded and used to determine bird species richness and abundance. Door-to-door surveys were conducted within
the 250 m × 250 m landscapes to estimate cat density, cat activity, bird feeder density, and the frequencies of squirrels
and raccoons.

We primarily selected landscapes to limit collinearity between owned outdoor cat
density and bird habitat availability, and to reduce the likelihood of confounding habitat
effects with cat effects on birds. As we did not have cat density a priori, we initially indexed
it with human population density, because they can be highly correlated [3]. We note
that we only used human population density as an index of cat density for landscape
selection; once landscapes were selected we collected data to directly estimate owned
outdoor cat densities in each landscape (see Section 2.2 Data collection, below). To select
our landscapes, we first used the “dissemination area” data from the Canadian census [37]
to estimate human population densities within a 250 × 250 m area centered on each
OBC location (n = 166). A dissemination area is defined as one or more neighboring city
blocks with a population of 400–700 persons. If a landscape overlapped more than one
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dissemination area, we used the area-weighted mean population density. We estimated
bird habitat availability as the proportion of vegetation cover within each landscape, using
25-cm-resolution classified land cover data [38]. Vegetation cover included all residential,
commercial, and municipal areas covered by forest, individual trees, or mown grass.
To reduce collinearity between human population density and vegetation cover across
our landscapes, we first specified a range of values for each variable within which the
correlation between human population density and vegetation cover was low. We then
further split each range into low versus high values. Finally, we selected, to the degree
possible, an equal number of landscapes from each of the four combinations of low and
high human population density and vegetation cover (Figures 1 and 2), under the following
constraints. First, there had to be at least one residence within the landscape. Second,
landscapes had to be >2.5 km inside the city boundary. This was to maximize the probability
of sampling urban birds as this was the focus of our study. Third, landscapes had to be at
least 1 km apart to reduce the likelihood of spatial autocorrelation. Fifty-eight OBC point
count locations and their surrounding landscapes met the above criteria.

2.2. Data Collection

We estimated bird species richness and abundance from the 2014 data for the 58
selected OBC point count locations as, respectively, the observed number of species and the
number of individuals for each species within 75 m of the point count location. The OBC is
a volunteer, breeding-bird monitoring program that counts all birds seen or heard during
10-min point counts at randomly-selected, publicly-accessible locations within the city (e.g.,
sidewalks, roadsides) during the breeding season. OBC was developed by ornithologists
and biostatisticians, and uses rigorous volunteer training and strictly standardized field
methods to allow for consistent and comparable data across years and locations. The point
counts were conducted in the morning (4:46–8:30) during the breeding season (June 5–30).
We used bird observations from the 0–75 m distance class, because bird detectability is
higher at shorter distances [39]. We used the data from 2014 because this was the year in
which we sampled owned outdoor cat density, bird feeder density, and non-feline predation
risk (see below).

We classified each bird species as belonging to either the high-risk or low-risk category
separately for each of five species traits predicted to increase cat impacts on bird occurrence
and abundance, as follows: the species (a) has a mean adult mass <150 g (as in [1]);
(b) nests <2 m from the ground; (c) forages <2 m from the ground; (d) feeds at bird
feeders; (e) is migratory. Otherwise, the species was classified as low-risk for the given
trait. Classifications were primarily based on information obtained from Dunning [40]
and Rodewald [41], and supplemented by additional literature, expert opinion, and other
available bird survey data (see Table 1 for details).
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Table 1. Classification of bird species as belonging to either the high-risk or low-risk category for each of five species traits predicted to affect species responses to cat density. Each trait
was modeled as a binary variable, with each species assigned to either the high-risk (1) or low-risk (0) category. A species was classified as high-risk if it has a mean adult body size <150 g;
nests <2 m from the ground; forages <2 m from the ground; feeds at bird feeders; and is migratory. Otherwise, the species was classified as low-risk, for the respective trait. Body mass
measures were obtained from [40], bird feeder use from [1], and other life history information was obtained from [41], or as specified in the “Source” column.

Common Name (Scientific Name) Body Size Bird Feeder Use Nesting Location Feeding Location Migration Status Source

red-winged blackbird (Agelaius phoeniceus) 1 1 1 1 1 [42]
mallard (Anas platyrhynchos) 1 0 1 0 1 [42]

cedar waxwing (Bombycilla cedrorum) 1 1 1 0 0
Canada goose (Branta canadensis) 0 0 1 1 0 [43]

northern cardinal (Cardinalis cardinalis) 1 1 1 1 0 [44]
purple finch (Carpodacus purpureus) 1 1 0 0 0
brown creeper (Certhia americana) 1 1 0 0 0 [45]
chimney swift (Chaetura pelagica) 1 0 1 0 1 [46]
northern flicker (Colaptes auratus) 1 1 0 1 0

rock pigeon (Columba livia) 0 1 1 1 0 [42]
eastern wood-pewee (Contopus virens) 1 0 0 0 1

American crow (Corvus brachyrhynchos) 0 0 0 1 0 [44,47]
common raven (Corvus corax) 0 0 0 1 0 [48]
blue jay (Cyanocitta cristata) 1 1 0 1 0 [48]

gray catbird (Dumetella carolinensis) 1 0 1 1 1 [49]
common yellowthroat (Geothlypis trichas) 1 0 1 1 1

house finch (Haemorhous mexicanus) 1 1 1 1 0 [42,47]
barn swallow (Hirundo rustica) 1 0 1 0 1

wood thrush (Hylocichla mustelina) 1 0 0 1 1
Baltimore oriole (Icterus galbula) 1 0 0 0 1 [50]

ring-billed gull (Larus delawarensis) 0 0 1 1 1 [47]
song sparrow (Melospiza melodia) 1 1 1 1 0

brown-headed cowbird (Molothrus ater) 1 1 1 1 1 [42,48]
great crested flycatcher (Myiarchus crinitus) 1 0 0 0 1
Nashville warbler (Oreothlypis ruficapilla) 1 0 1 0 1

house sparrow (Passer domesticus) 1 1 1 1 0 [42,47,51]
rose-breasted grosbeak (Pheucticus ludovicianus) 1 0 0 0 1

downy woodpecker (Picoides pubescens) 1 1 0 0 0 [45]
hairy woodpecker (Picoides villosus) 1 1 0 0 0 [45]

black-capped chickadee (Poecile atricapillus) 1 1 0 0 0 [47]
purple martin (Progne subis) 1 0 0 0 1 [48]

common grackle (Quiscalus quiscula) 1 0 0 1 1
eastern phoebe (Sayornis phoebe) 1 0 0 0 1
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Table 1. Cont.

Common Name (Scientific Name) Body Size Bird Feeder Use Nesting Location Feeding Location Migration Status Source

yellow-rumped warbler (Setophaga coronata) 1 0 0 0 1
yellow warbler (Setophaga petechia) 1 0 0 0 1

pine warbler (Setophaga pinus) 1 0 0 0 1
American redstart (Setophaga ruticilla) 1 0 0 1 1

white-breasted nuthatch (Sitta carolinensis) 1 1 0 0 0
American goldfinch (Spinus tristis) 1 1 1 1 1 [52]

chipping sparrow (Spizella passerina) 1 0 1 1 1 [48]
European starling (Sturnus vulgaris) 1 1 0 1 0 [42,44]

tree swallow (Tachycineta bicolor) 1 0 0 0 1
house wren (Troglodytes aedon) 1 0 1 0 1 [44]

American robin (Turdus migratorius) 1 1 1 1 0 [47]
eastern kingbird (Tyrannus tyrannus) 1 0 0 0 1 [48]

warbling vireo (Vireo gilvus) 1 0 0 0 1
red-eyed vireo (Vireo olivaceus) 1 0 0 0 1

mourning dove (Zenaida macroura) 1 1 1 1 0 [42]
white-throated sparrow (Zonotrichia albicollis) 1 1 1 1 1 [53]
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We estimated owned outdoor cat density, owned outdoor cat activity, bird feeder
density, and non-feline predation risk using data collected during door-to-door surveys.
We conducted these surveys in each of the 58 landscapes between April and August
2014. We visited landscapes in random order to avoid confounding effects of sampling
date. We visited all houses in each landscape on weekdays between 3:00 pm and 8:00 pm.
Participants could complete the survey in person or online. Participants were asked
how many cats they owned and how much time (if any) each cat spent outdoors in
the spring–summer. We focused on spring–summer because this corresponds to the
timing of the OBC bird surveys. Participants were also asked questions relating to bird
feeders and other predators in the neighborhood. The interviews were conducted in
accordance with the Declaration of Helsinki, and all interview questions and methods were
approved as a Minimal Risk Ethics Protocol by the Carleton University Research Ethics
Board (Project 100857).

We measured cat density in each landscape using the method adapted from Baker et al. [54]:

Di = ∑ci + (ri × ∑ci/ni), (1)

where ∑ci = number of cats that spent time outdoors summed for all interviews in land-
scape i, ri = number of non-interviewed residences in landscape i, and ni = number of
interviews in landscape i. Thus (ri × ∑ci/ni) estimates the number of cats at residences
not interviewed, based on the sample of interviewed residences. The assumption here
is that our sample of interviewees—and the frequency with which they own cats and
let them spend time outdoors—is representative of the larger cat population within a
study landscape. A similar assumption is made for the measures of cat activity and bird
feeder density described below. We note that one could use other methods to estimate cat
densities, for example, by using transect surveys [55] or trail cameras [56]. Such methods
are appropriate for estimating densities of unowned (stray/feral) cats or all cats, provided
that the sampling design and sampling effort can adequately account for low detection
probabilities of domestic cats in urban environments [55]. However, we expect they would
produce less accurate estimates of owned outdoor cat densities than using information
provided directly from the people who own (or do not own) cats. This is primarily because
errors would occur when classifying a detected cat as owned versus unowned.

The above measure of cat density excluded information on how much time cats spent
outdoors. Therefore, we also created a measure of owned outdoor cat activity, using a
modified version of the above equation where ∑ci was replaced by ∑hi = number of
hours/day each owned cat spent outdoors, summed for all interviews in landscape i.

To estimate bird feeder density, participants in the door-to-door surveys were asked
if they had bird feeders. We then calculated the density of bird feeders per site using the
same equation as we used to estimate cat density, with the exception that ∑ci was replaced
by ∑fi = number of residences with bird feeders summed for all interviews in landscape i.

Meta-analysis of predator removal experiments suggests that mammalian predators
have a large negative impact on bird abundance [35]. Therefore, we used estimates of com-
mon mammalian predators in our study area to index non-feline predation risk: squirrels
(Tamiasciurus hudsonicus and Sciurus carolinensis) and raccoons (Procyon lotor). Squirrels
prey on bird eggs, nestlings, and adult birds [57]; indeed, Morris and Conner [58] found
that ground nest depredation increased with the abundance of squirrels. Squirrels also
compete with granivorous birds for food [59] and tree-nesting birds for nesting resources.
Raccoons are also known to depredate bird nests [60]. To estimate squirrel and raccoon
frequencies, participants in the door-to-door surveys were asked how often they saw squir-
rels/raccoons in their neighborhood during spring–summer. We used these answers to
estimate the number of days per week squirrels/raccoons were observed, ranging from
daily (seven times per week) to once per season (once every 12 weeks) to never (zero times
per week). The squirrel/raccoon frequency for a landscape was the average frequency
from all interviews in that landscape.
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We note that we had also intended to include estimates of abundances of avian birds
of prey from the OBC bird surveys as a third measure of non-feline predation risk for birds.
However, this was not possible because a bird of prey was observed at only one of our 58
bird count locations in 2014.

We measured the remaining two predictor variables—human population density and
bird habitat availability—using the same data sets used in landscape selection (described
above). Human density was the area-weighted mean population density in the landscape.
We did not know a priori the best measure of bird habitat availability, because different
bird species may prefer different vegetation types. Therefore, we estimated five measures
of bird habitat availability as the proportional cover of (1) individual trees, (2) forest, (3)
mown grass, (4) tree canopy cover (individual trees + forest), and (5) urban greenspace
(individual trees + forest + mown grass).

2.3. Data Analysis

We did not include bird detectability in our statistical models for four reasons. First,
previous analyses using data from the OBC showed that its rigorous volunteer training
and strictly standardized field methods result in very low variation in detectability among
observers or traffic levels [33]. Second, models that attempt to correct for imperfect de-
tectability can introduce bias and increase variance of the estimates when sample sizes
are relatively small [61], producing less accurate estimates of abundance/occurrence than
models that do not account for detectability. Third, applying a detection model, particularly
within our multi-species abundance models, would have excluded all but the most com-
mon species. Finally, we confirmed that factors potentially influencing detectability (day
of year, time of day, vehicle activity, and observer identity) were not strongly correlated
with our predictor variables (see Figures S1–S6), indicating that variations in detectability
are unlikely to influence our results. Thus, use of a fixed-radius point count was the most
appropriate method of estimating bird species richness and abundance in our study [62].

We used a generalized linear model (GLM) with a Poisson distribution and log link
to estimate the relationship between bird species richness and owned outdoor cat density,
including human population density, bird habitat availability, bird feeder density, squirrel
frequency, and raccoon frequency, to account for their possible effects. All predictors
were standardized to a mean = 0 and SD = 1. To select the most appropriate measure
of bird habitat availability, we repeated this analysis five times, each with a different
measure of bird habitat availability (as described above). We retained the measure of
habitat availability with the strongest positive relationship with bird species richness,
based on the size of the standardized model coefficient. We used the standardized model
coefficients to estimate effect sizes, and we used the modeled relationship between bird
species richness and cat density to estimate the expected change in bird species richness
if cat densities were reduced. The 95% confidence interval (CI) was used to capture the
uncertainty in these estimates.

We modeled the relationship between bird abundance and cat density as described
above, except that here we used a generalized linear mixed effects model (GLMM) with
a negative binomial distribution and log link. We included a random effect of species,
allowing for variability in the intercept, which accounts for differences in overall abundance
among species. This approach allowed us to estimate the pooled cross-species effects of
these predictors on bird abundance, while accounting for variation in overall abundance
among species. We considered also allowing for among-species variability in the slope of
the relationship between bird abundance and cat density. However, our conclusions were
the same whether we accounted for among-species variability in the bird abundance-cat
density relationship or not (Figure S7). Thus, we report the simpler model described above.
We also estimated the relationships between bird richness/abundance and cat activity as
described above for cat density.

Each of the five bird traits thought to affect the impact of cats on the occurrence and
abundance of bird species was modeled as a binary variable, with each species assigned



Land 2021, 10, 507 10 of 19

to either the high-risk or low-risk category. To test for effects of bird traits on the effect of
cat density on bird richness, we tested for standardized cat density × bird trait interaction
effects on bird richness. Since our sample size was limited (n = 58 landscapes) and a species’
risk level for a given trait was generally independent of its risk level for the other four
traits (see Table S1 and Figure S8), we modeled each cat density × trait interaction in a
separate GLM with a Poisson distribution and log link, for a total of five analyses, one for
each bird trait. We did not combine the risk classifications for the five species traits into
a single variable (e.g., by summing the risk levels for the five traits) because this would
require us to set an a priori weighting of the relative importance of these traits for species’
risk which, if wrong, could result in a failure to detect effects of traits on the relationship
between bird richness and cat density. Human population density, bird habitat availability,
bird feeder density, squirrel frequency, and raccoon frequency were also included in each
model. Our prediction for a given trait would be supported if there was a significant cat
density × trait interaction (at α = 0.05) indicating a steeper decline in bird richness with cat
density for the high-risk than for the low-risk bird group. We also tested for the effects of
bird traits on the bird abundance-cat density relationship as above, except that here we
used GLMM with a negative binomial distribution and log link.

Analyses were conducted in R [63], using the ‘glmmADMB’ package [64,65] for GLMM.

3. Results

Overall, 49 bird species were recorded. Three to 18 species were recorded per point
count location (mean = 8), with 4 to 71 individual birds per location (mean = 16). Cat density
estimates were based on interviews of 663 households that responded to the survey, either
in person or online (mean = 11 households per landscape, range = 1–50). Twenty-seven
percent of interviewed households had at least one cat (179/663 interviewed households)
and 55% (99/179) of households with a cat (or cats) let their cat(s) outside. In total, 146/276
owned cats in this survey spent time outdoors. The percent of interviewed households
per landscape that had at least one cat that spent time outdoors ranged from 0 to 100%
(mean = 16%) and owned outdoor cats were found in 67% of landscapes (39/58). Out-
door cat densities were 0.0–42.7 cats per landscape (mean = 8.1), or 0.0–683.4 cats/km2

(mean = 130.2). Estimated cat activities were 0.0–480.0 outdoor cat hours/day per land-
scape (mean = 69.0 cat hours/day). Cat density and cat activity estimates were strongly
correlated across landscapes, with a Spearman rank correlation (ρ) = 0.91. Human densities
were 0.7–438.7 people/landscape (mean = 121.2) and vegetation covers were 0.05–1.00
(mean = 0.67). Cover of individual trees—which was selected as the most appropriate mea-
sure of bird habitat availability (Figure S9)—ranged from 0.00 to 0.17 (mean = 0.04). Squirrel
frequency ranged from squirrels observed 0.3 days/week to 7.0 days/week (mean = 6.2)
and raccoon frequency ranged from raccoons observed 0 days/week to 4.7 days/week
(mean = 0.6). Bird feeder densities were 0.0–53.7 feeders/landscape (mean = 12.4). Rela-
tionships among our predictor variables were generally weak (Table S2). The strongest
relationship was between cat and bird feeder densities (ρ = 0.69).

Interview response rates ranged from 33–100% of households per landscape (mean = 73%).
There was no evidence that interview response rates were related to cat densities (r = −0.08,
p = 0.54) or to cat activity (r = −0.06, p = 0.65), suggesting that response rates were not
biased towards cat owners (or non-owners). Response rates were also unrelated to the
other variables estimated from surveys: bird feeder density (r = −0.12, p = 0.35), squirrel
frequency (r = −0.21, p = 0.12), and raccoon frequency (r = −0.16, p = 0.23).

We found a weak negative relationship between overall bird species richness and
cat density, when controlling for potentially confounding variables (Figures 3a and 4a).
However, high uncertainty in this estimate, based on the 95% CI, suggests that we cannot
rule out the possibility of no change—or even a small decrease—in bird species richness if
owned outdoor cat densities were reduced to zero. The effect of cat density on urban bird
species richness was similar in magnitude to that of human population density, squirrel
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frequency, and raccoon frequency; however, these other predictors had much stronger
statistical support (95% CIs that did not cross zero; Figure 3a).
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The relationship between the pooled abundance of birds and cat density was very
weak (Figures 3b and 4b). And, as above, we cannot rule out the possibility of no change—
or even a decrease—in abundance if owned outdoor cat densities were reduced to zero.
The effect of cat density on bird abundance was small relative to other strongly-supported
predictors in the model, i.e., human population density, individual tree cover, squirrel
frequency, and raccoon frequency (Figure 3b). The effects of these other predictors on bird
species abundance were 2.8–6.5 times the effect of cat density.

Comparison of models including cat activity to models including cat density sug-
gest that cat activity—which included information on how much time owned cats spent
outdoors—was a poorer predictor of bird species richness and abundance than cat density
(Figure S10). The effects of cat density on bird species richness and abundance were,
respectively, 2.7 times and 1.2 times the effect of cat activity.

There was evidence of stronger declines in bird richness and abundance with cat den-
sity for migratory species than resident species. We found a significant interaction effect
between migration status and cat density on bird species richness (z = −2.00, p = 0.05) and
abundance (z = −2.07, p = 0.04). The richness of migratory birds declined more strongly
with increasing cat density than the richness of resident birds (Figure S11). Abundance de-
clined with increasing cat density if the species was migratory (Figure S12a), but increased
with cat density if the species was resident (Figure S12b).

We did not find strong statistical support for the expectation that bird species with low
body mass, a tendency to nest or feed near the ground, or a tendency to use bird feeders
would be most impacted by cats. The test for an interacting effect of cat density × bird
trait on bird species richness and abundance was non-significant for each of these traits (all
p > 0.26; Figure S13).
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Figure 4. Relationships between owned outdoor cat density, measured as the number of cats/km2, and bird species (a)
richness and (b) abundance. The 95% confidence intervals (in grey) around the predicted curves include a slope of zero,
indicating high uncertainty in the effects. The model predicts one additional bird species and 0.003 additional individuals
per species if policies/programs reduced owned outdoor cat densities from 130.2 to zero cats/km2 in the average landscape.
Relationships between bird species richness and cat density were predicted from a generalized linear model with a Poisson
distribution and a log link, holding human population density, individual tree cover, feeder density, squirrel frequency, and
raccoon frequency at their mean values. Relationships between bird species abundance and cat density were predicted as
described above, except that we used a generalized linear mixed effects model with a negative binomial distribution, log
link, and random effect of species identity.

4. Discussion

We found that the richness and abundance of urban birds tended to be slightly lower
in landscapes with high densities of owned outdoor cats than in landscapes with low
densities of owned outdoor cats. We estimate that we would most likely observe one
additional bird species in a point count, and 0.003 additional individuals per species, if
policies/programs reduced owned outdoor cat densities to zero in an average landscape in
our study city, i.e., a landscape with 130.2 cats/km2. This translates into an expectation
of 1.09× as many bird species and 1.03× as many individuals per species if all owned
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cats were kept indoors in the average landscape. However, the effects of cat density on
both bird species richness and abundance were uncertain, with 95% CIs crossing zero
(Figure 3). This suggests that we cannot rule out the possibility of no change—or even a
small decrease—in bird species richness or abundance if owned outdoor cat densities were
reduced to zero.

Our findings are consistent with most previous studies of the relationship between
owned outdoor cat densities and bird richness/abundance in cities [22,23,66–68]. A few
studies have reported strong support for a negative effect of cat density on bird species
richness [3,69]. However, it is not clear whether these strong effects reflect the effects
of cat density on birds or effects of other potentially confounding factors such as urban
densification. Cat density can correlate strongly with urban densification [3], and we
found declines in bird species richness and abundance with increasing human population
density (Figure 3). Previous studies have similarly found that there are more species and
more individual birds in areas with medium-density human populations than high-density
ones, i.e., over the range of values found within the city limits [70–72]. And Gagné and
Fahrig [32] found that both the richness and abundance of birds declined with increasing
housing densities in our city.

It is surprising that empirical studies, including ours, have found weak and uncertain
effects of owned outdoor cats on bird populations in urban landscapes, given the large
estimates of the numbers of birds killed by cats [1,2,50]. It is possible that owned outdoor
cats have stronger negative effects on bird populations than we and others have found,
but that such effects are difficult to detect for several reasons. First, in some studies
collinearity between cat density and other predictors could obscure the effect of cats.
Inclusion of collinear predictors in a regression-type model, as in our study, generally
produces unbiased estimates of effect sizes [73]. However, even low to moderate collinearity
can increase uncertainty in the estimated effects of collinear predictors [73,74]. We note,
however, that this does not fully explain the uncertainty in estimated effects of cats in
our study because other predictors in our models—human density, individual tree cover,
squirrel frequency, and raccoon frequency—were also moderately collinear (Table S2) and
we were able to detect their effects on bird richness and abundance. Confidence intervals
for these other variables often excluded zero, unlike the CIs for cat density (Figure 3).
Second, it is possible that owned outdoor cats have stronger negative effects on bird
populations than we and others have found because an important confounding predictor
was omitted from analysis, resulting in biased estimates of the effect of cats on birds [73].
We included five potentially confounding variables in our analysis to reduce this possibility.
Additionally, we conducted supplementary analyses to determine whether gradients in
weather conditions—or other variables that vary with latitude/longitude—could have
affected our conclusions. This was not the case, as our conclusions about the effects of
owned outdoor cats on birds were similar whether we included latitude and longitude in
our models or not (Figure S14). Third, if owned outdoor cats have very strong, negative
effects on birds then cats may drive bird populations to a minimal size—or even completely
exclude some bird species—at even the lowest cat densities in a study. However, this
cannot explain our results. If owned outdoor cats have a strong, negative effect on birds at
even low cat densities, then we would expect to see fewer bird species and fewer individual
birds at sites with owned outdoor cats than at sites without any cats. This was not the
case (Figure S15). Fourth, if cats affect birds only at cat densities greater than those in our
study, we would miss their effect. However, we note that Sims et al. [3] included study
sites with owned outdoor cat densities more than twice that of the highest cat density in
our study, and they found no evidence that cats had stronger effects on birds at densities
greater than those in our study. Fifth, it is possible that areas with high cat densities act as
sink habitats that are continuously replenished by birds from source areas with low cat
densities, as suggested by Baker et al. [75] and Van Heezik et al. [76]. However, we suggest
that such source-sink dynamics would be limited if birds can detect cats during breeding
site selection and use this information to select sites with low perceived predation risk [31].
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In this case we should observe a negative relationship between cats and birds. This is
indirectly supported by our finding that migratory birds were less likely than resident
birds to breed in areas with high cat densities, presumably because they select nesting sites
later in the breeding season when more owned cats are outdoors [27–30].

Finally, we consider the possibility that measurement error may have caused the
high levels of uncertainty around our estimated effects of owned outdoor cat density
on bird species richness and abundance. With more precise measurements—or a larger
sample size—perhaps we would have detected an effect of cat density on bird species
richness/abundance. However, we suggest that measurement error in estimates of cat
density and bird richness and abundance cannot explain why we did not find strong
statistical support for a relationship between cats and birds. We were able find strong
statistical support for effects of human population density, individual tree cover, squirrel
frequency, and raccoon frequency on birds (i.e., 95% CIs did not cross zero). This suggests
that estimates of relative bird species richness and abundance were precise enough to allow
detection of effects at our sample size (58 landscapes). Additionally, the fact that we found
statistical support for effects of squirrel frequency and raccoon frequency on birds suggests
that estimates of predator abundance from resident surveys can be precise enough to detect
their effects on birds.

We note that, although we expected resident surveys to be the most appropriate
method for estimating densities of owned cats (see Section 2.2 Data collection, above),
other methods (e.g., camera trapping) may produce more precise estimates of squirrel and
raccoon densities. Thus, if anything, we may have underestimated the support for effects
of squirrels/raccoons on birds. These findings are consistent with the expectation that
predator abundance can have a population-level impact on urban bird species; however, we
actually observed more bird species and more birds per species in areas with more raccoons.
Although raccoons can depredate bird nests [60], others have found that nest predation
rates can actually be lower in areas with higher raccoon abundances [58], perhaps because
they exclude other potential predators. Thus future studies are needed to understand the
effects of other mammalian and avian predators of birds on urban bird populations.

Assuming the weak overall effect we—and others—have found is real, there is still
the possibility that owned outdoor cats have strong effects on a subset of bird species that
are not detected when effects on overall species richness and abundance are evaluated.
We did find stronger negative effects for migratory than resident species. Based on these
we can expect 1.20× as many migratory bird species and 1.15× as many individuals per
species if all owned cats were kept indoors in the average landscape (with mean cat density
130.2 cats/km2). However, the effect of cats on the abundance of migratory birds was
highly uncertain, suggesting that we cannot rule out the possibility of no change—or even
a small decrease—in the number of migratory birds if owned outdoor cat densities were
reduced to zero.

We suggest three potential reasons for the weak observed effect of owned outdoor
cats on bird richness and abundance here and in previous studies. First, more abundant
food resources for birds in areas with higher cat densities may offset negative effects of cat
density on bird richness and abundance. For example, in our study there were more bird
feeders in areas with high cat densities than in areas with low cat densities (ρ = 0.69; see
Table S2). Access to high quality food resources can offset negative impacts of cat predation
by increasing bird body condition. It may also increase breeding success, e.g., by increasing
clutch sizes and chick growth rates [77]. Second, cats may replace natural predators of
birds in areas with higher cat densities. For example, Malpass et al. [78] found no difference
in rates of predation on northern cardinal (Cardinalis cardinalis) nests in forested parks and
residential neighborhoods, despite finding that domestic cats were 5× as likely to prey
on nests in neighborhoods than in parks. Some natural predators of birds may be less
abundant in areas with high cat densities because cats kill bird predators as well as birds.
Dickman [69] suggested this explanation for the strong, negative correlation between nest
predation rates and cat densities in their study. Cats might also replace other predators
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if other predators switch to alternative prey in areas where cat densities are high. Third,
cat predation on birds may not affect bird abundances if predation is compensated by
density-dependent population regulation or if cats selectively remove unfit individuals
from the bird population. For example, Baker et al. [54] found that birds killed by cats
had significantly lower fat and muscle scores than individuals killed in building collisions,
which could indicate that cats kill poorer quality birds. However, Holt et al. [35] found
that bird abundance generally increases after predator removal or control, suggesting
compensatory mortality is the least likely of our proposed explanations.

What Is Next for Urban Landscape Ecology?

The populations of many bird species are in decline. For example, there was an
estimated 29% decline in the abundance of North American birds from 1970 to 2017,
translating into a loss of ~3 billion birds [79]. Globally, 1486 bird species are at risk of
extinction [80]. The widespread need for conservation action, combined with typically
limited resources for action, means that conservation practitioners and policy-makers need
to make sure their efforts are directed towards actions that will most effectively reverse
bird population declines.

In this context, our findings—in combination with those of previous studies—suggest
a pressing need for research to resolve the apparent disconnect between the strong negative
effects of domestic cats on individual birds and the weak and uncertain effects of domestic
cats on bird populations. This need is particularly pressing in urban landscapes, where
outdoor cats can benefit from, for example, higher availability of anthropogenic food
sources and lower predator densities. For such research the optimal design would be
a BACI experiment comparing urban bird richness and abundance before and after the
imposition of cat-control measures to control sites without such measures. Such studies
must be designed to ensure that the scale of experimental units is large enough to represent
effects of cats at the population level rather than the individual level, and that experimental
treatments are designed to control for the effects of other factors. Importantly this means
randomly assigning treatment and control sites. Also, it will be important to ensure that
cat control measures do not also control other predators (e.g., [81]), making it impossible to
disentangle the effects of cats on birds from the effects of other predators.

Although support for the expectation of a strong impact of domestic cats on urban
bird richness and abundance has been mixed, cats do kill birds. Additionally, the welfare
of cats can be improved by keeping them indoors (e.g., reducing risks of injury or mortality
from roads, disease) [82]. Thus measures that reduce densities of owned outdoor cats
are justified based on the precautionary principle [83], where conservation dollars are
not limited. However, such conservation measures should not have priority over those
addressing threats, such as habitat loss [33,84,85], that result in demonstrable declines in
both migratory and resident bird populations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/land10050507/s1, Figure S1: Bivariate plots showing relationships between cat density
(number of cats/landscape) and each of four variables that can influence bird detectability at the 58
landscapes, Figure S2: Bivariate plots showing relationships between human density (number of
people/landscape) and each of four variables that can influence bird detectability at the 58 landscapes,
Figure S3: Bivariate plots showing relationships between individual tree cover (proportional cover of
individual trees within the landscape) and each of four variables that can influence bird detectability
at the 58 landscapes, Figure S4: Bivariate plots showing relationships between bird feeder density
(number of feeders/landscape) and each of four variables that can influence bird detectability at
the 58 landscapes, Figure S5: Bivariate plots showing relationships between squirrel frequency
(number of days squirrels were observed by homeowners per week, averaged for all surveys within
the landscape) and each of four variables that can influence bird detectability at the 58 landscapes,
Figure S6: Bivariate plots showing relationships between raccoon frequency (number of days raccoons
were observed by homeowners per week, averaged for all surveys within the landscape) and each of
four variables that can influence bird detectability at the 58 landscapes, Figure S7: Comparison of
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the standardized effects of owned outdoor cat density, human population density, individual tree
cover, feeder density, squirrel frequency, and raccoon frequency on bird species abundance from (a)
a model that allowed for variation in overall abundance among bird species and (b) a model that
allowed for among-species variation in overall abundance and relationships between abundance
and cat density, Table S1: X2 tests of association to determine whether a species’ risk level for a
given trait was independent of its risk level for each of the other four traits, Figure S8: Proportion
of bird species classified as high-risk versus low-risk, for each pair of traits where a species’ risk
level for a given trait was not independent of its risk level for another trait, Figure S9: Standardized
effects of five alternative measures of bird habitat availability on (a) bird species richness and (b)
bird abundance, Table S2: Pairwise relationships among predictor variables, Figure S10: Estimated
effects of owned outdoor cat activity, human population density, individual tree cover, feeder density,
squirrel frequency, and raccoon frequency on bird species (a) richness and (b) abundance, Figure S11:
Estimated relationships between owned outdoor cat density, measured as the number of cats/km2,
and the number of (a) migratory and (b) resident bird species, Figure S12: Estimated relationships
between owned outdoor cat density, measured as the number of cats/km2, and the number of (a)
migratory and (b) resident birds per species, Figure S13: Marginal effects of owned cat density on
birds with high-risk relative to low-risk species traits, Figure S14: Comparison of the standardized
effects of owned outdoor cat density, human population density, individual tree cover, feeder density,
squirrel frequency, and raccoon frequency on bird species (a) richness and (b) abundance between
our main model (see main text and Figure 3) versus a model that also included UTM coordinates of
the sampling locations, Figure S15: Effects of the presence-absence of owned outdoor cats, human
population density, individual tree cover, feeder density, squirrel frequency, and raccoon frequency
on bird species (a) richness and (b) abundance.
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