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Abstract

Concerns over cat homelessness, over-taxed animal shelters, public health risks, and envi-
ronmental impacts has raised attention on urban-cat populations. To truly understand cat
population dynamics, the collective population of owned cats, unowned cats, and cats in the
shelter system must be considered simultaneously because each subpopulation contributes
differently to the overall population of cats in a community (e.g., differences in neuter rates,
differences in impacts on wildlife) and cats move among categories through human inter-
ventions (e.g., adoption, abandonment). To assess this complex socio-ecological system,
we developed a multistate matrix model of cats in urban areas that include owned cats,
unowned cats (free-roaming and feral), and cats that move through the shelter system. Our
model requires three inputs—location, number of human dwellings, and urban area—to pro-
vide testable predictions of cat abundance for any city in North America. Model-predicted
population size of unowned cats in seven Canadian cities were not significantly different
than published estimates (p = 0.23). Model-predicted proportions of sterile feral cats did not
match observed sterile cat proportions for six USA cities (p = 0.001). Using a case study
from Guelph, Ontario, Canada, we compared model-predicted to empirical estimates of cat
abundance in each subpopulation and used perturbation analysis to calculate relative sensi-
tivity of vital rates to cat abundance to demonstrate how management or mismanagement in
one portion of the population could have repercussions across all portions of the network.
Our study provides a general framework to consider cat population abundance in urban
areas and, with refinement that includes city-specific parameter estimates and modeling,
could provide a better understanding of population dynamics of cats in our communities.
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Introduction

Concerns over the population density of free-roaming domestic cats (Felis catus) in urban
areas is a global issue centered on the issues of cat welfare [1-3], impacts on wildlife popula-
tions [4-6], and risks to public health [1, 7, 8]. Central to understanding the impacts of cats,
and a first step in developing humane and cost-effective management strategies, is quantifying
population abundance and identifying the factors that drive population dynamics. To address
homelessness, over-taxed animal shelters, environmental impacts, public health risks, and
unnecessary euthanasia we must consider the collective subpopulations of owned cats,
unowned free-roaming cats, and cats in the shelter system simultaneously because each sub-
population contributes differently to the population dynamics and abundance of cats (e.g. dif-
ferences in neuter rates, survival, or fecundity). In addition, cats move among subpopulations
through human interventions (e.g. adoption, abandonment). Bringing together stakeholders
to identify and prioritize common societal goals to address cat population densities depends
on robust population abundance estimates and understanding how interventions will rever-
berate across the population network.

National population estimates suggest about 100 million owned cats (indoor and indoor/
outdoor; [1, 3, 6]) and between 10 and 120 million unowned (free-ranging and feral; [1, 5, 6])
live in the United States and Canada. In urban areas, the debate around cat management cen-
ters on the use and effectiveness of lethal and non-lethal control measures to address concerns
over the free-roaming cat population density [1, 9, 10]. While the objectives of such control
measures are rarely stated explicitly, owing to the variety of stakeholder views on the role,
rights, and impact of cats, generally public expectations relate to issues of ethical population
control, the cost and effectiveness of implementing these controls, and the likelihood of
achieving a specified management objective [11, 12].

A number of population models for cats have been developed to understand population
dynamics and to quantify how interventions are likely to reduce population abundance. To
date, most population modeling efforts have focused on feral cats [13, 14], considered a limited
set of interventions focused on lethal culls or sterilization [14-20], and largely ignored the
transition of cats between subpopulations except for low rates of abandonment [14, 19, 20].
While these models are useful, it is important to recognize that they have focused on a limited
portion of the total cat population and have considered the characteristics of cat population
sizes specific to very small urban areas [21]. Therefore, previous models are not necessarily
suitable for understanding the dynamics of high population densities such as those found in
large urban areas [22, 23]. To address these limitations, a population model that accurately
predicts population abundance, can identify the factors that are driving population dynamics
of cats and requires easily available inputs (e.g. from human census data) for any urban area is
necessary. Such a population model could provide information to decision-makers that must
choose among several competing and emotionally charged interventions that target demo-
graphic vital rates in different subpopulations, to influence cat populations [10, 24, 25].

Our objectives were to (i) develop a multistate matrix population model for owned cats,
unowned cats, and cats that move between these two categories via the shelter system applica-
ble to any city in North America using simple inputs available in national census data sets, (ii)
assess model fit by comparing model-derived population abundance predictions of urban
areas where cats, and unowned cats especially, have been estimated, and (iii) determine the
sensitivities of population abundance to demographic vital rates and transition across the
entire cat population network for Guelph, Ontario, Canada where previous cat population esti-
mates [23, 26] and shelter statistics [27] are available.
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Methods

We used a life stage- (s = 4) and state-structured (r = 4) birth-pulse discrete periodic matrix
model, with density dependence attributes, using the vec-permutation approach [28, 29].
Here, s refers to the life stage of an individual based on age (juvenile, adult) and reproductive
stage (intact, sterile): stage 1 are intact Kittens, stage 2 are intact adults, stage 3 are sterilized kit-
tens, and stage 4 are sterilized adults (Fig 1A). While there are multiple ways to sterilize cats
that may influence population dynamics through cat social structure at the individual level
[18], we consider no individual social effects with sterilization akin to neutering cats when
considering population-level processes. At each time step, deemed here to be 1-year, r consid-
ers cats as being in one of four states: state 1 are owned cats, state 2 are cats in the shelter
system, state 3 are free-roaming cats, and state 4 are feral cats (Fig 1B). State 3 and 4 are collec-
tively unowned cats but free-roaming cats comprised stray, abandoned, or lost cats that had
been previously socialized to people and therefore were candidates to be surrendered to an
animal shelter system or adopted by citizens off the street whereas strict feral cats are neither
socialized to people nor candidates to be adopted (Fig 1B). Matrix models only consider
females under the assumption that males are not limiting [30] but for model fit we assumed a
1:1 sex ratio to compare our population predictions to published estimates of cat abundance.
Although cat population density is stochastic based on a variety of environmental [31] and
social [32] factors, we have assumed the model to be deterministic recognizing that this cur-
rently limits the applicability of the results of our model analysis.

Periodic models allow concurrent consideration of demographic vital rates (survival, fecun-
dity, and sterilization) of individuals within each stage followed by transition of individuals
(e.g. adoption, relinquishment, abandonment, loss) amongst the different states of the urban
cat population (Fig 1B; [24, 30]). The population is described by the matrix

N@ =1 : "~ |@® (1)
veeN"() =n(t)= | : | 2)

ST

where the entries of the population are transformed into a vector n at time ¢ ordered by stages
and then by states so the first entry n;; is stage = 1, state = 1, the second entry n,, is stage = 1,
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Fig 1. A schematic diagram of the population model for cats. (A) Biological life-cycle diagram for domestic cats. Stage 1 are intact juvenile cats, stage
2 are intact adult cats, stage 3 are sterilized juvenile cats, and stage 4 are sterilized adult cats. Parameters shown include survival (s), fecundity (f), and
sterilization (n); the values are presented in Table 1. Solid circles indicate intact life stages (reproductive) while dashed circles indicate sterilized life
stages (non-reproductive) age categories. The time of sterilization within the life cycle is indicated with dashed lines. Subscripts on vital rates refer to
kittens (0) and adults (1). (B) State and transition of domestic cats. Models for cities in North America considered in this paper used a four-state model
that classified unowned cats as either free-roaming or feral cats. Note that the same biological life-cycle graph in (A) is found in each state in the model
but will have different values for demographic vital rates.

https://doi.org/10.1371/journal.pone.0192139.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0192139  February 28, 2018 4/34


https://doi.org/10.1371/journal.pone.0192139.g001
https://doi.org/10.1371/journal.pone.0192139

®'PLOS | one

Multistate matrix model of domestic cats

Table 1. Demographic vital rates used in a multistate matrix population model of domestic cats with an annual time step. Presented are survival (s), sterilization rate
(n), and fecundity (f) for owned cats, free-roaming cats, feral cats, and cats moving between these states via the shelter system. Survival and sterilization are annual proba-
bilities whereas fecundity is the number of female kittens produced per female per year. Some vital rates are density dependent. Listed are the state and stage of the cat, the
variable in the population model, the value or equation for the vital rate, and references that inform parameterization. Note that values may differ slightly from those pre-
sented in the original source and that if left blank the variable was assumed for this model. The number of litters per female per year was k =/, where 149 is the number
of days required to produce 1 litter (pregnancy lasts 65 days, weaning young requires 84 days) and b is the length of the breeding season in days.

State Stage ‘ Variable In Eq (7) Value or equation Reference
Survival (s)
Owned Juvenile So 0.7 [33]
Owned Adult s1 0.8 [33]
Shelter Juvenile So 0.7 x (1 -0.519) [3, 33]
Shelter Adult s 0.8 x (1 -0.519) [3,33]
Free-roaming Juvenile So (_0 5867 Niee(intact adults) +0 9067) <\ 0 82670'475669;";&” [13,34]
: Nvee(Sterile adults) +Nfree(Intact adults) : )

Free-roaming Adult 1 — a;ﬁm [35-37]
Feral Juvenile So 0 256710_0“{33% « 1/ 0.656-100 Lﬁ%ﬁfiﬂ [13,38]
Feral Adult S1 O 6527103719% [35, 39]
Fecundity (f)
Owned Juvenile fy 0.4192 %MT* [13, 40, 41]
Owned Adult f, Bk [40, 41]
Shelter Juvenile fo 0
Shelter Adult f 0
Free-roaming Juvenile fo 0.4192 ‘T"k’r* [13, 35, 41]
Free-roaming Adult f, 30k [35, 41]
Feral Juvenile fy 0.4192 2254 [13, 35, 41]
Feral Adult f, Aok [35, 41]
Sterilization (n)

wne uvenile ngy .
Owned Juvenil 0.7 (33]
Owned Adult n, 0.1 [33]
Shelter Juvenile ny 1
Shelter Adult n; 1

ree-roamin uvenile ng .05 42
F ing Juvenil 0.0. [42]
Free-roaming Adult n,; 0.125 [42]

er uvenile ng 0.01 42
Feral Juvenil [42]
Feral Adult n,; 0.025 [42]

* assumes 1:1 sex ratio

" intact cats

https://doi.org/10.1371/journal.pone.0192139.t001

state = 2, etc. [28, 29]. The matrix model took the form

n(t+ 1) = An(¢)

A = MKBK’

(3)

(4)

where A projects the population vector n from time t to t+1. From right to left, K is the trans-
pose vec-permutation matrix which rearranges the population vector such that the matrix B
accounts for demography within states, K then returns the population vector to its original
form where the matrix M moves individuals between states [28, 29, 43]. In this arrangement,
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annual demographic processes occur before transitions among states. The demography of
individuals in state 7 is given by an s x s projection matrix B; while transition of individuals in
stage j is an r X r matrix M; contained within the block-diagonal matrices B and M, respec-

tively:
B, -+ 0
B= (5)
0 B,
M, - 0
M=| oo Q
0o - M

N

Population dynamics are thus described in terms of exchanges between demography among
stages and transition among states.

Within each state (subpopulation) of the population, B;, cats were considered as juvenile
(<12 months of age) or adult (>12 months of age) and as reproductively intact or sterilized
(Fig 1A):

\/%fn(l_”o) ﬁlﬁ(l_”1) 0 0

s;(l—n ss(l—n 0 0

g | S0om s .
Vaaforo NS 0 0
SoMy Sy Sy S

where sy and s, are the annual survival of juvenile and adult respectively, # is the probability of
sterilization, and fis fecundity expressed as the number of female kittens per female per year
following similar notation for stage structure in all vital rates. The first two columns represent
intact individuals while the last two columns represent sterilized individuals (Fig 1A). Includ-
ing a sterile life stage is analogous to incorporating a post-reproductive life stage in a projec-
tion matrix model (e.g. [44]). Incorporating these details is important to track changes in stage
densities that can be compared to observed data on population structure (i.e. proportion of the
population that is comprised of post-reproductive individuals) yet allows the model to account
for estimating the effective population size which involves only reproducing individuals [30,
45].

For each stage (e.g. intact kittens) of the population, M; (Fig 1B), the transition of cats
among being owned, free-roaming, feral, or in the shelter system is:

L—(r,+1+a) d +¢ fa, 0
M]- _ r 1- (dl + Cl) Sy, f51 (8)
L+ a, 0 1 — (fa, +su, + ff,) 0
0 0 M 1—(fs,)

where r is relinquishment (surrendering an owned cat to an animal shelter), / is loss, a is aban-
donment (the intentional release of an owned cat outdoors thereby making it unowned), d is
adoption, ¢ is return-to-owner of a lost cat, fs is surrender of feral, fa is adoption of free-roam-
ing cat, ffare kittens of free-roaming cats that become feral due to lack of exposure to humans,
and su is surrender of free-roaming cat to an animal shelter. These data present the proportion
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of the population that move between states dependent upon survival from the source subpopu-
lation and thus assume no mortality during transition.

Parameter values

The model requires a large number of parameters that includes both demographic vital rates
and transition probabilities. Several parameter values are estimated across a number of studies
and sample sizes in most of these studies are small that made generalizing parameter inputs
challenging. In some cases, there are no parameter estimates available, especially for the state
transition probabilities. In cases such as these in the ecological literature, educated guesses of
the strength and form of relationships for plausible parameter estimates based on the expected
behaviour of the system dynamics and allometric reasoning is often used [46-48]. Sensitivity
analysis (see below) provides a means to retrospectively determine which of these parameters
(if incorrectly specified), has the greatest impact on model outcomes [43, 49].

Carrying capacity
As our model was deterministic, we estimated carrying capacity for each state to enforce popu-
lation regulation that resulted in a steady-state. The concept of carrying capacity has been
largely ignored for cats in the literature so our estimates are approximations based on the
assumption that empirical cat population density measurements reflect populations at equilib-
rium (e.g. [21-23]). In the model, carrying capacity of each subpopulation was dependent
upon a variety of factors such as urban area size and latitude (the latter influences variation in
reproductive output, see below) for unowned cats. We used the carrying capacity to then
derive density-dependent functions of survival within states and transition rates among states.
Owned cats. Carrying capacity for owned cats (K,) was determined using a standard
equation for the number of dwellings (k) multiplied by the proportion of dwellings with cats
multiplied by the number of cats in occupied dwellings [3, 50].

K, = (0.377 x 1.85 x h)/2 (9)

The proportion of dwellings with cats came from standardized polling data from Canada
which found 37.7% of dwellings owned a cat and that each of these dwellings had, on average,
1.85 cats [3]. Because our assumption is an equal sex ratio, dividing the numerator by 2 results
in the estimated carrying capacity of owned female cats in an urban area. These values for Can-
ada are generally higher than equivalent data published in the United States of 21% and 1.66
cats/dwelling [51], 19-26% and 1.43-1.66 cats/dwelling in the UK [50, 52], 10.4% and 1.6 cats/
dwelling in Ireland [53], and 15% and 1.7 cats/dwelling in Italy [54]. To estimate the number
of dwellings in an urban area (h) for the cities considered for model validation purposes
(see below), we used geo-referenced census data for Canada (‘population centres’ which are
urban areas with a population size >1000; [55, 56]) and the United States (‘urban areas’ which
encompass residential, commercial, and other non-residential urban lands and have a popula-
tion size >2500; [57, 58]) or information reported on the homepage of focal cities in North
America.

Shelter cats. The carrying capacity for shelters (K;) is analogous to annual shelter capacity
that is commonly considered in animal shelter welfare studies [59]. We determined the carry-
ing capacity for shelters using two variables. The first was the number of spaces for cats, gener-
ally termed the capacity (c), of the shelter [59]. The second was dividing 365 days by the
average length of stay (s), in number of days, for each cat. The product of this equation was the
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estimated maximum number of cats, per year, that the shelter can accommodate.

K, = 3¢ (10)
s

The capacity of shelters was derived from the mean value of reporting humane societies in
Canada from [3] which was a capacity of 187 cats. It should be noted that capacity of shelters is
likely dependent upon the urban area extent (i.e. the number of households to be served), the
number of other shelters or similar organizations within the urban area, human population
density, and socio-economic factors [59]. The prediction is that larger shelter capacities occur
in large urban areas with few other shelter organizations. The average length of stay was
assumed to be 30 days which is between the mean (49 days) and median (27 days) length of
stay for cats based on a survey performed in Canada [60].

The value K; could represent a carrying capacity ceiling of the shelter, in the sense that if
cats enter the shelter beyond this value, then the excess would be euthanized or released. While
we were strictly interested in stable-states, this formulation could be used in conjunction with
relaxing density-dependent transition rates to model the effects of proposed no-kill policies or
limited/closed admission approaches for dealing with stray cats.

Unowned cats. There are few estimates of carrying capacity for unowned cats. To derive
carrying capacity estimates of free-roaming and feral cats we compiled published estimates of
cat density (cats/ha), or the number of cats and associated study area (ha), and used mean val-
ues of these estimates to derive a city-specific carrying capacity for free-roaming and feral cats.
Density estimates for free-roaming cats came from studies conducted in urban areas, cat colo-
nies, and general studies on mainland areas where cats were associated with humans or cared
for by humans in outdoor settings (S1 Table). In contrast, density estimates for feral cats came
largely from studies of island populations (S1 Table). Taking this approach, feral cats occur at
lower density than free-roaming cats.

Raw data for both free-roaming (range: 0.15-4.88 cats/ha) and feral cats (range: 0.001-2.43
cats/ha) were positively skewed (Figs 2A and 3A), so we log-transformed the cat density data
and then used the mean value in an exponential function to estimate the deterministic cat den-
sity at carrying capacity for free-roaming (¢'°8(e™1%) = 0752664 — () 4711098 cats/ha) and feral
cats (¢'81density) — 2:536883 _ 3 07911264 cats/ha; S1 Table). Because the log-transformed data
follows an approximate normal distribution (Figs 2B and 3B), these data could be suitable for
stochastic simulations. Urban land area was obtained from a geographic information system
that provided urban extents for all cities in Canada and the United States [56, 58]. Multiplying
mean free-roaming or feral cat density by urban land area extent provides an estimate of the
carrying capacity for each unowned cat population.

Reproduction

Fecundity. Per capita reproductive output is the product of the number of female kittens
per litter and the number of litters per year. Cats are seasonal breeders that can produce multi-
ple litters per year [38, 61]. In temperate environments, seasonality is the duration of the
reproduction period driven predominately by photoperiod [41, 62]. Modeling breeding season
length with respect to the latitude of the urban area and the gestation period of cats therefore
seems a reasonable way to estimate the maximum number of litters that could be produced by
each intact female cat per year.

The number of litters per female per year was calculated as

k :y/149 (11)
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0.4711098 cats/ha) was calculated using the log-transformed estimates of free-roaming cat density from the literature.
For our female-only models, we considered an equal sex ratio and so these values presented here were multiplied by 0.5
to get estimates of female free-roaming cat densities.
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where 149 is the number of days required to produce 1 litter (gestation period was estimated
as 65 days [63, 64], weaning young was assumed 84 days) and y is the length of the breeding
season in days from a logistic regression (Fig 4). We extracted the data from [41] and fit a non-
linear, 4-parameter logistic regression model of the breeding season length y, in days, given a
latitudinal coordinate. The logistic function took the form:

b—a

1+ ecld—x) (12)

y=a+

where x is latitude and the other terms are estimated parameters from the regression model
(Table 2). Parameter a is the y-intercept when x is 0, and we fixed this parameter to 365 to
ensure that the maximum breeding season length was year-round [41]. The estimate of k in Eq
(11) ignores the amount of time it takes females to become pregnant but does capture the time
delay from failed pregnancies (i.e. pseudopregnancy) in the estimates of breeding season
length. For the focal cities, we derived latitude at the center of the urban extents from the geo-
graphic information system for cities in Canada and the United States. Our modeled relation-
ship of k was suitable when compared to the number of litters from field studies, for example,
Nutter et al. [38] measured 1.4 litters per year per female in North Carolina (latitude 37.4N)
which aligned well with our estimated relationship (Fig 4).
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Table 2. Parameter estimates for a 4-term logistic function of breeding season length of cats y = a +

oy where x is latitude. The parameter a was fixed at 365 to

ensure that at low latitudes that the breeding season duration did not exceed 365 days. Data to estimate the logistic function were derived from Hurdi [41] and both the

data and the function are presented in Fig 4.

Parameter Estimate
A 365 (fixed)
B 170.3539
C 0.1351

D 31.8447

https://doi.org/10.1371/journal.pone.0192139.t002

SE t-value P-value
15.7057 10.847 <0.001
0.0483 2.798 0.001
2.3768 13.398 <0.001

The number of female kittens per litter was estimated for adults (> 1 year) and kittens
reproducing in their first year (<1 year) in each category. Owned adult females produced 1.9
female kittens [40], free-roaming adults produced 1.8 female kittens [35], and feral adults pro-
duced 1.75 female kittens [35]. The number of offspring that kittens produce in their first year
is reduced compared to adults because most are pre-pubertal. We used a mean pubescent date
of 212 days to calculate the proportion of kittens that would breed in their first year ((365-
212)/365; [13]) and multiplied this by the reproductive output of adults in each category. For
both age categories, we assumed cats in the shelter system were prevented from breeding.
Finally, we assumed a 1:1 sex ratio.

Sterilization rate. The annual proportion of the population that produces offspring is cal-
culated by subtracting the proportion of the population that is annually sterilized from one
(Eq (7)). However, the proportion of cats that are sterilized varies substantially between differ-
ent subpopulations of cats. Although studies have found that socio-economic factors influence
the probability of sterilizing an owned pet [65], we assumed a simple relationship that 70% of
kittens were sterilized in their first year and thereafter 10% of remaining intact adults were
sterilized annually by their owners [33]. Shelters may not sterilize all cats before they are
adopted [3] but we assumed that all cats moving through the shelter system were sterilized
before being placed into homes. The annual sterilization probability of free-roaming and feral
cats was based upon the proportion of cats submitted to trap-neuter-return programs that are
already sterilized. The proportion of the population already sterilized ranged from 0.7% to
3.5% [42] so we assumed 1% of kitten and 2.5% of adult free-roaming cats are annually steril-
ized and 0.1% of kitten and 0.25% of adult feral cats are sterilized through trap-neuter-return
programs. We assumed this difference between free-roaming and feral cats based on disparity
between detectability and trapability of these two groups of cats.

Survival

The probability of annual survival of cats was considered as either density-dependent or den-
sity-independent. Survival of owned cats was considered density-independent as we reasoned
that owned cats neither compete nor are limited by resource availability such as food. Annual
survival of kittens was assumed to be 0.7 and for adults was 0.8 which is below estimates in the
literature from an urban area in Manhattan, Kansas which were 0.8 for juveniles in their first
year and 0.9 for adult cats [33]. We assumed that survival was the same for intact and sterilized
owned cats.

Survival of cats in the shelter system was considered density-independent, however, cats in
shelters are at increased risk of euthanasia. Therefore, we considered survival to be the same as
owned cats of each age, however, we also removed a proportion of cats from the population
that we considered would be removed via euthanasia. Shelter questionnaire data from Canada
reported by the Canadian Federation of Humane Societies [3] indicated that 39.9% of cats are
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Fig 5. Density dependent survival of adult free-roaming (solid) and feral (dashed) cats. Vertical lines are the estimated carrying capacity for each
group. Points (solid, free-roaming; hollow, feral) are observed estimates of survival for free-roaming [35-37] and feral cats [35, 39].

https://doi.org/10.1371/journal.pone.0192139.9005

euthanized and an additional 12% were without a home. Assuming cats without a home are at
risk of euthanasia, then 51.9% of cats that enter shelters are likely euthanized while 48.1% of
shelter cats will survive. These values are in general agreement with shelter statistics reported
in the USA (65% of cats were euthanized at 186 shelters and animal control agencies across 42
states; [59]). We assumed that survival was the same for intact and sterilized owned cats.

Survival of unowned cats was considered to be density-dependent with respect to the carry-
ing capacity of free-roaming and feral cats (Fig 5). The carrying capacity, and hence strength
of density-dependent survival, of unowned cats is thought to be dependent upon food avail-
ability [66]. We plotted estimated local survival probability and density [35, 36] or, where den-
sity was not reported by the investigators [37, 39], we assumed it was at the mean carrying
capacity, and fit exponential decay curves of the form

y= ae(—b x Density) (]_3)

to represent the density-dependent survival rate. Because data were limited, we reiterated
these functions until they met the assumption of annual adult survival probability of 0.5 at
the mean carrying capacity which was e*7>*°** (0.4711098 cats/ha) for free-roaming cats and
2536883 (0.07911264 cats/ha; S1 Table) for feral cats, as described above. For annual kitten
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survival, we used the product of the lower survival probability during the first 6-months of life
and the next 6-months was estimated at the adult survival rate (i.e. the square root of annual
adult survival) [13].

For adult free-roaming cats, we used three studies [35-37] that reported annual survival
that ranged from 0.65-0.91 and density that ranged from 0.34-9.7 cats/ha (Fig 5). The fitted
relationship (Fig 5) was

0.82¢ 04762 (N/K) (14)

where K is the city-specific carrying capacity based on urban area extent as described above
and N is the population abundance of free-roaming cats. For kittens, there is support for the
hypothesis that hormone-mediated aggressive interactions result in higher mortality in fully
intact populations [34] which has implications for the effectiveness of interventions aimed at
reducing population size [14, 18]. Therefore, we considered density-dependent survival to
vary by the proportion of the population that is sterilized in free-roaming kittens based on the
data presented in Gunther et al. ([34]; Fig 6). We regressed the proportion of intact cats in two
free-roaming cat colonies against the survival probability estimates of juveniles at 6-month of
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age in these colonies presented in Gunther et al. [34] to fit the linear relationship

N,
—0.587 (#) +0.907 (15)

total

where N refers only to adult free-roaming cats (Fig 6). The frequency-dependent component
of this survival assumes that cats occur at high densities and are subject to aggressive interac-
tions from conspecifics, which we reason could occur in cat colonies supplemented by
humans.

For adult feral cats, we used two studies [35, 39] whose annual survival ranged from 0.61-
0.65 and density ranged from 0.068-0.34 (Fig 5). The fitted relationship (Fig 5) was

0.656—3.812e’2'G7U(N/K) (16)

as above except that N and K pertain to the abundance and carrying capacity of feral cats (Fig
5). For feral kittens, we applied the intercept of 0.25 following Nutter et al. [38] and continued
with the slope of the adult survival rate under density dependence. The form of the equation
for density-dependent survival of feral kittens was therefore

0.25¢3812¢ *ON/K) (17)

Transition probabilities

Transition probabilities are the annual proportion of a subpopulation that moves among states
(Fig 1A). Note that the transition is for each stage (age/intact status) class and hence specific
applications could account for differential transition probabilities based on age, sex, or repro-
ductive status; this is commonly reported in studies looking at owner preferences in adoptions
(e.g. [67]). We consider that transitions are consistent among all stages except for kittens of
free-roaming cats that become feral and for differential return-to-owner probabilities between
intact and sterilized owned cats (see below). Values and equations for transition probabilities
are provided in Table 3.

Owned cats’ transitions to other states. At each time step, owned animals have a certain
probability of being relinquished (r), lost (I), abandoned (a), or of remaining in the owned
state (Fig 1A). Cats are relinquished to shelters whereas cats that are lost or abandoned are
functionally equivalent because they become unowned. We assumed a constant probability of
0.012 that cats will be relinquished () annually from data presented in New et al. [68].

Owned cats, especially indoor-outdoor cats, have a probability of being lost each year. How-
ever, it is important to consider the time scale of such events, consider lost pets in the demo-
graphic model as those that are lost over a one year time interval, and could only be returned
via the shelter system. We use results from Weiss et al [69] who reported that 15% of cats were
lost over a 5-year span. To estimate the annual loss of pets we used the equation

L =alog(t+ 1), (18)

set t=5and L = 0.15 and solved for a. Applying this equation, the annual probability of loss
(where t = 1) is 0.058. While almost 6% of cats will get lost each year, the vast majority of these
cats (75% in the case of [69]) will return to their owner or be returned by neighbors [69, 70].
To account for the vast majority of the cats returning home on their own we multiplied 0.058
by results from Lord et al. [70] who found 6 of 69 (0.086) lost cats were returned via the shelter
system. The product of these two estimates was the annual probability of an owned cat being
lost (I =0.0049).
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Table 3. Transition among states in a multistate matrix population model of domestic cats with an annual time step. Listed are the variable, transition between states,
the equation for the vital rate, the value, and references that inform parameterization. Note that some values may differ slightly from those presented in the original source
and that if left blank the variable was designated specifically for this model.

Variable Transition Variable In Value Reference
Eq (8)
Remain owned Owned to 1-(r+1+a) 0.9331 calculated
Owned
Relinquishment Owned to r 0.012 [68]
Shelter
Lost Owned to Free- |1 0.0049 [69, 70]
roaming
Abandonment Owned to Free- |a 0.05 [71]
roaming
Remain Shelter Shelter to Shelter | 1 —(d + ¢ —1Re calculated
d+o) 1— (= ";"1 —0.03847807 )" "
lte l‘l +12
12 +l
1-— 71 0.08773
1+e
Adoption Shelter to d 12 [3]
Owned . 712‘;’—"“2
e Ko
Return-to-owner Shelter to c 0.03847807" [70, 72]
Owned 0.08773""
Remain Free-roaming Free-roam to 1-(fa+su . 0y( ) ) oo (l s LA calculated
Free-roam + ff) 1— | [et20m7(Re) o 5) e \Y) T K/' ’ 10.05
3.87637 (,\7/) =5 U 1671 (%) —0.5858 1+e$ 87637 (%) =5
Adoption of stray off street Free-roam to fa - ( ) [68]
Owned 67120397( BN
3.87637 (A_/> -5
Surrender of free-roaming cat Free-roam to su Ny [68]
Shelter 0.167: K —0.5858 3.87637 K
0.1671 %) —0.5858 3.87637 <K—f) -5
Offspring become feral from lack | Free-roam to ff 0.05*
of exposure to humans Feral
Remain feral Feral to Feral 1 -(fs) 0.9999 calculated
Surrender of feral Feral to Shelter | fs 0.0001

*only applies to offspring of free-roaming cats
"intact

Tsterile

https://doi.org/10.1371/journal.pone.0192139.t003

Abandonment is the intentional release of animals or the cessation of care. Estimated rates
of abandonment are unavailable. Data from Finkler and Terkel [71] suggests abandonment is
about five times more likely than relinquishment. Based on our estimate above with regard to
relinquishment (r = 0.012), we conservatively assume a constant annual probability of aban-
donment of 0.05. Finally, the probability of an owned cat remaining as an owned cat is simply
one minus the sum of the probabilities of being relinquished, lost, or abandoned.

Shelter cats’ transitions to other states. At each time step, cats in shelters have a certain
probability of transition via being adopted (d) or being reunited with an owner (c). The proba-
bility of remaining in a shelter was one minus the sum of the probabilities of being adopted or
reunited with an owner (1-d+c). The probability of being adopted was assumed dependent on
the carrying capacity of owned cats such that 50% of shelter cats are adopted when the owned
population was at carrying capacity (Fig 7). This value corresponds with information from the
Canadian Federation of Humane Societies [3] that reported that of the over 130,000 cats that
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The reference line is the dashed line at the point where the probability of adoption is 0.5 and the population of owned cats is at carrying capacity.

https://doi.org/10.1371/journal.pone.0192139.9007

entered shelters in Canada in 2012, 49.3% were adopted, 5.4% were reclaimed by owners, and
45.3% were euthanized. While there is little data on the probability of adoption relative to car-
rying capacity, we assumed that these statistics represent conditions at equilibrium, that is,
when the number of owned cats was at carrying capacity. It should be noted that while this is a
simplistic representation of the transition of animals out of the shelter, more complex models
that include specific consideration of increasing capacity and decreasing length of stay [27]
could be added for city-specific case studies.

The proportion of shelter cats being recovered by their owners was a function of steriliza-
tion status [70] and whether the cat has identifying information [72] as

recovery = (oy;i) + (oy,(1 —i)) (19)

Here, o is the relative odds of recovery for intact compared to sterilized cats [70], y is the prob-
ability of return to owner for cats with (y; 0.385) and without (y,; 0.018) identification [72],
and i is the proportion of lost cats that carry identification (0.19; [70]: p. 217). The first part

of the calculation accounts for cats with identification and the second half of the equation
accounts for cats without identification. To calculate the relative odds of recovery for intact
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compared to sterilized cats (0 = 0.25/0.57 = 0.4386), we used information from Lord et al. [70]
who reported that sterilized cats (57%) were significantly more likely to be recovered by their
owners than intact cats (25%).

Unowned cats’ transitions to other states. At each time step, unowned free-roaming cats
have a certain probability of becoming owned by adoption off the street (fa) or under the stew-
ardship of the shelter via surrender (su). The probability of remaining in the free-roaming cat
category was one minus the sum of the probabilities of being adopted off the street, or surren-
dered to a shelter (1-fa-su).

We assume adoption of free-roaming cats is a density-dependent relationship that reflects
the abundance of free-roaming cats in a community and the ratio of the number of owned cats
to the carrying capacity of owned cats. The proportion of the free-roaming population that
will be adopted off the street is the product of the proportion of owners that are looking to get
anew cat and the availability of free-roaming cats that are suitable for adoption (i.e. are adopt-
able, given temperament, personality, and need for resources). We assumed that as the ratio of
owned cats to carrying capacity increases, fewer cats will be adopted off the street as an expo-
nential decay curve of the form e ™% where the fraction is the ratio of owned cat population
size (N) to its carrying capacity (K). We assumed at equilibrium that the proportion of owners
that would adopt off the street would be 0.3 which resulted in a = 1.204. The availability of cats
was defined using a two-parameter logistic function of the form

eux+b

 E— 20
1+eax+b ( )

where we assumed a = -5 given a probability of very close to 0 when x = 0, and where x was the
fraction of the ratio of the free-roaming cat population size to its carrying capacity. Using this
equation, we applied findings from New et al. [68] who found the proportion of new cats
acquired as strays was 0.243 which we assume occurred at equilibrium to solve for b = 3.876.
The product of these two functions determines the proportion of free-roaming cats that are
adopted off the street each year (Fig 8).

We expect the number of free-roaming cats to be surrendered to shelters to increase as
free-roaming cat density increased but only within the confines of the carrying capacity of the
shelter. In this way, our scenario reflects what many who work with cats are experiencing:
increasing free-roaming cats and over-taxed animal shelters that are both at capacity for
resources and spaces for cats [3, 73]. Over time, it also seems likely that kittens born to free-
roaming cats could become unfit for living with humans due to lack of social contact with peo-
ple so we assume a constant annual probability (ff = 0.05) of this occurring to kittens born to
free-roaming females.

We assume feral cats remain feral except for a very small annual probability of being cap-
tured and surrendered to shelters (fs = 0.0001). In many cases these cats are eventually eutha-
nized because they cannot be rehomed. The probability of remaining a feral cat was one minus
the probability of being surrendered to a shelter.

Model analysis

Population abundance. We started each simulation with an arbitrary starting cat popula-
tion for intact juveniles, intact adults, sterile juveniles, and sterile adults for owned (100 intact
juveniles, 100 intact adults, 100 sterile juveniles, 100 sterile adults), shelter (0, 0, 0, 0), free-
roaming (300, 300, 300, 300), and feral (40, 40, 40, 40). We initiated the model to run for a
maximum of 1200 iterations (years) until the cat population reached a steady state equilib-
rium. Once at equilibrium, we extracted the population abundance of all stages from each
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a=3.87637, b = -5, Nyis the number of free-roaming cats, and Kis free-roaming cats carrying capacity (yellow line, left axis). The dotted line is the
value from New et al. [68] that found 0.243 of owned cats were acquired as strays and was used as a guide point to build the logistic function and
assumes the system studied by New et al. [68] was at equilibrium (black dot).

https://doi.org/10.1371/journal.pone.0192139.g008

subpopulation, the vital rates, and carrying capacity. For our case study, we conducted a per-
turbation analysis to calculate relative sensitivity (elasticities) values for each subpopulation
and life stage (see below).

Sensitivity analysis. We estimated the transient elasticities of population abundance to
perturbation of the transition and demographic vital rates within the periodic matrix [28, 43].
The matrix calculus approach [43, 49] was used to allow transient elasticities of each variable
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to be summarized across life stages, subpopulations, or categories of reproductive status; in
other words, we can understand how any perturbation, at any point in the system, influences
population abundance across the network. This is critical to fully assess how human interven-
tions aimed at addressing cat population dynamics have an influence on all sectors of the cat
population. Following Caswell and Shyu [43], sensitivity of the asymptotic population vector n
with respect to all lower-level parameters in the vector 0 is:

dn dn dvecA

d0T ~ dvec™A dO” @)

where dvecA is the vectorized derivative of the periodic product matrix A and " is the trans-
pose. The elasticity of n with respect to 8 is then:

dn
dvecTA

=D 25 D(0) (22)
120,

where D(x) is a diagonal matrix with x on the diagonal and zeros elsewhere [43]. Summing
the values of en/ef”. among subpopulations, vital rates or transition parameters allows the abil-
ity to assess the relative sensitivity of total population abundance to specific demographic rates
that may be the focus of interventions by stakeholders. For example, the relative sensitivity of
total cat abundance to the adoption rate in shelters. If the focal population is only a single
cohort of the total population (e.g. only immature, unowned cats), then applying D(x) in (22)
as a matrix of 1’s in those positions along the diagonal and all other entries being 0’s, allows us
to derive the elasticity of immature, unowned cat population abundance to demographic vital
rates among any subpopulation, vital rate or transition parameter across the entire network.
For example, the relative sensitivity of total abundance of immature, unowned cats to steriliza-
tion of unowned cats (e.g. TNR) or, in contrast, the relative sensitivity of total abundance of
immature, unowned cats to sterilization of owned cats (e.g. those performed by owners of
their owned cats). In this manner, we can consider the sensitivity of each subpopulation, or
portion thereof, individually or collectively depending upon the population of interest. For
example, shelter workers are likely interested in the dynamics that influence shelter cat abun-
dance while ecologists interested in the impacts of outdoor cats on wildlife populations are
most likely interested in the dynamics that influence outdoor cat (outdoor owned, free-roam-
ing, and feral) population abundance. Sensitivities can show contrasting effects on population
abundances of different age/stages across the network and thus are of primary interest to man-
agers to make effective management decisions [74].

Model validation. We used two different data sets from studies that provide population-
level metrics that could be compared to those predicted by our population model to assess the
model fit. First, we assessed the relationship between the unowned cat population abundance
(sum of free-roaming and feral cat categories) from the model to city-specific estimates of
“feral” cats provided by Blancher [5] for seven major cities in Canada. Blancher [5] provided
mean feral cat population estimates, and for a subset of cities maximum and minimum esti-
mates, from expert opinion. Second, we assessed the relationship between the model-predicted
proportion of the feral cat population that was sterilized to the proportion of sterilized and
intact cats admitted to intensive TNR programs for seven USA cities [42]. From the counts
presented in Wallace and Levy [42], we calculated the binomial 95% CI of the proportion of
the unowned cat population that was sterile in each city.

For each focal city examined, we extracted urban area, number of dwellings, and location
(latitude) from Canada [55, 56] or USA [57, 58] census data to use as inputs for the population
model and using the parameters as outlined above (Tables 1, 3 and 4). The model failed to con-
verge for Honolulu, Hawaii likely owing to the nearly year-round breeding at southern
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Table 4. Carrying capacity of female cats in an urban area assuming 1:1 sex ratio in the population. In the table,
the symbols represent: H—number of households in urban area, Hc—proportion of households with one or more cats,
Ch—average number of cats per household with one or more cats. C is shelter capacity and S is average length of stay.
Dyis log-transformed density of free-roaming cats (cats/ha), Dy, is the transformed density of feral cats (cats/ha), city
area is the area in hectares of the urban area of interest.

State Value Source
Owned cats (%m) (3]
Shelter cats w [3]
Free-roaming cats & ey ae S1 Table
Feral cats Pera ity area S1 Table

2

https://doi.org/10.1371/journal.pone.0192139.t1004

latitudes in this population. Using the remaining six cities, we extracted from the model output
the population abundance for each stage and state to derive the model-predicted outputs to
compare to the field data provided in Blancher [5] and Wallace and Levy [42]. We assessed the
fit of these two data sets by using linear regression models to test if the intercept was signifi-
cantly different from 0 and the slope was significantly different from 1. In the plotted results,
we also added a 1:1 line where points that fall on the line would suggest a perfect fit between
model-predictions and estimates derived above.

Model application case study: Guelph, Ontario, Canada. In a final exercise, we present a
case study to demonstrate the possible uses of this model for municipalities that are interested
in understanding the population dynamics of cats. Guelph, Ontario, Canada (model inputs
from 2011 census data: latitude = 43.55°N, number of dwellings = 52620, urban area = 7885
ha) is a city of approximately 120,000 people comprised of a small downtown and a university
campus with an enrolment of approximately 25,000 students. We used Guelph as a case study
because previous work had estimated the population size of different segments of the cat popu-
lation: owned, indoor/outdoor [26], outdoor (termed ‘free-roaming’ by [23]), and shelter
intake statistics [27]. A local coalition of stakeholders known as the Guelph Cat Population
Taskforce (http://www.guelphcats.org/) has worked together over the past four years to iden-
tify the issues surrounding community cats, conduct research to estimate cat population size,
and promoted different stakeholders to work towards a collective cause of improving animal
welfare and reducing the environmental impacts of cats in Guelph. We ran the model and
made slight adjustments to the carrying capacity for unowned cats (free-roaming and feral)
iteratively until there was correspondence between estimated population sizes at equilibrium
of all subpopulation and previously published estimates of these subpopulation.

We used the model predicted estimates to plot several comparisons to empirical estimates
to demonstrate the status of the cat population. For example, the model predicted estimate of
owned cats was subdivided by the mean estimated proportion of Guelph households that allow
outdoor access for their cats (40%;[26]) to plot indoor-only the indoor-only component of the
owned cat population while total outdoor cats was the sum of owned indoor-outdoor, free-
roaming, and feral cats. Given the equilibrium cat population abundance in Guelph, we then
used transient sensitivity analysis to identify the demographic vital rates and transition proba-
bilities that contributed to owned cat population abundance, shelter cat population abun-
dance, unowned cat population abundance, and total cat population abundance [43, 49, 74].

Results
Model fit

In the model estimating the cat population size for seven Canadian cities, the intercept
(t=0.487, p = 0.65) and slope (t = -1.36, p = 0.23) were not significantly different from 0 and
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Fig 9. Relationship of cat abundance between model predictions and published estimates. Model-predicted population abundance of unowned cats
(sum of free-roaming and feral cats) plotted against the expert-derived estimates of the abundance of unowned/feral/community cats in seven cities in
Canada [5]. The error bars represent the minimum and maximum estimate in instances where more than one expert provided an estimate of the
number of cats in a city. The female-only population estimate from the model was doubled to present as a total cat abundance which assumes a 1:1 sex
ratio. The dashed line is the 1:1 relationship of agreement between the model and expert opinion.

https://doi.org/10.1371/journal.pone.0192139.9009

1, respectively, indicating that the model-predicted unowned (free-roaming and feral) cat pop-
ulation size aligned with the feral cat population estimates in Blancher [5] (Fig 9). One of three
population estimates that included error bars fell within the confidence intervals for feral cats
with the other two being slightly below (Windsor = 4220 fewer cats estimated, Winnipeg = 3202
fewer cats estimated) the estimated population size based on expert opinion (Fig 9).

For the model predicting the proportion of sterile cats in six USA cities, there was little vari-
ation among the cities in the model-predicted proportion of sterile feral cats (Fig 10). The
intercept (t = 6.77, p = 0.002) and slope (t = -8.04, p = 0.001) were significantly different from
an intercept of 0 and a slope of 1, respectively, indicating that the model-predicted proportion
of sterile feral cats did not match the observed proportion of sterile cats for the six USA cities.
Although three of the estimates were well predicted, observed values and confidence intervals
did not overlap with the expected values for the other three cities (Fig 10).
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Model application

Using the starting parameter values of our model, free-roaming and feral cat subpopulations
were smaller at equilibrium than those estimated using field data so we adjusted the carrying
capacity of free-roaming (from 0.471 cats/ha to 0.787 cats/ha; or equivalently on the log-scale
from e 77265 to ¢0-240085) apnd feral cat (from 0.079 cats/ha to 0.246 cats/ha; or equivalently
on the log-scale from e !****%® to ¢>*%%%%) subpopulations. Under these adjusted values, at
equilibrium the cat population model predicted that 1,814 cats moved through the shelter sys-
tem annually and there were 34,064 owned cats, 7,312 free-roaming cats and 1,782 feral cats in
Guelph, Ontario, Canada (Fig 11). Overall, the predicted owned cat population abundance
was within 95% confidence intervals of the estimated owned cat population abundance (Fig
11;[26]). The model predicted owned indoor-only cat and owned indoor-outdoor cat abun-
dances aligned with empirical estimates [26]. The model predicted more cats moved through
the shelter system annually than the approximately 824 individuals per year observed by Janke
[27]. Total outdoor cat abundance included indoor-outdoor, free-roaming, and feral cats and
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which is what is reported in [23, 26, 27].

https://doi.org/10.1371/journal.pone.0192139.g011

the model predicted abundance was higher than estimates of Van Patter et al. [26] and Floc-
khart et al. [23]. The total population in Guelph was predicted to be 43,158 cats.

The relative sensitivities of population abundance varied by demographic vital rate and
transition probabilities among subpopulations across the network (Fig 12). The abundance of
owned cats was most sensitive to changes in the fertility of unowned cats (increasing fecundity
of unowned cats increased population abundance of owned cats) and owned cat sterilization
rates (increasing sterilization rates of owned cats decreased population abundance of owned
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cats). The abundance of owned cats was not sensitive to changes in vital rates in shelters and
was little affected by transition probabilities (Fig 12).

The abundance of cats in shelters was most sensitive to changes in demographic vital rates
of owned cats and little affected by transition probabilities. The model predicts that the abun-
dance of shelter cats should decrease with increasing sterilization rates across all subpopula-
tions (Fig 12) suggesting a positive feedback between this intervention and reducing the
probability of shelters being at or near capacity. The model predicted that increasing the sterili-
zation rate of unowned cats should lead to a decrease in the abundance of cats in shelters
which aligns with research conducted in Florida [75].

The abundance of unowned cats was sensitive to a large number of vital rates and transition
probabilities (Fig 12). The unowned cat population was most sensitive to changes in the vital
rates of owned cats and in all instances increasing these rates within the model demonstrated a
predicted increase in unowned cat abundance. For example, increasing the sterilization rates
of owned cats was predicted, by the model, to increase the abundance of unowned cats which
represents a potential trade-off: sterilizing owned cats drives owned and shelter cat populations
down but drives the unowned cat population up. The trade-off may arise from the network of
the model structure because lost, sterilized cats have higher recovery rates, returned owned
cats keep owned cat populations high near carrying capacity thereby reducing the number of
unowned cats that are adopted off the street. Increasing the sterilization rate of unowned cats
is predicted to increase the population abundance of this subpopulation (i.e., unowned cats).
While this relationship may be the result of an assumed enhanced survival rate of sterile
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animals [34] in large unowned populations of cats such as those in Guelph (predicted 9,094
unowned individuals), it is unknown whether these population responses would be similar in
a smaller population of cats. Increasing transition probabilities had consequences for the abun-
dance of unowned cats. Specifically, unowned cats were predicted to increase with increasing
probabilities of free-roaming kittens becoming feral, as well as both abandonment and relin-
quishment of owned cats (Fig 12).

Total cat abundance was most sensitive, based on the current model, to increasing fecundity
of unowned cats and survival of owned cats and, to a lesser extent, the fecundity of owned cats
(Fig 12). These results suggest that if our objectives are stated generally to manage for total cat
abundance then interventions would best be focussed on reducing the fecundity of unowned
cats but most of the potential numerical effects of this intervention would be seen in owned
cat population abundance (Fig 12) given owned cats are the most abundant subpopulation

(Fig 11).

Discussion

Population estimates of cats in urban areas in North America from expert opinion [5] and
empirical data [23, 26, 27] aligned with our model predicted population sizes of cats from dif-
ferent subpopulations. The model held less support for predicting population structure such as
the proportion of cats within a subpopulation that are sterile as observed for a number of
urban areas in North America [42]. Using perturbation analysis, we quantified the transient
sensitivity of population abundance to all demographic vital rates and transition probabilities
that arise due to human interventions for one city with reasonable estimates of the different
subpopulations. While model predictions of population abundance highlight the magnitude of
the challenge to humanely manage cats in urban areas, the sensitivity analysis helps to identify
the scope of the resources and cooperation that will be necessary to find effective interventions
to reach management objectives. Using three simple inputs available for any city in North
America, our model provides a starting point to develop empirically-based, city-specific pre-
dictive population estimates. Future work to build off these ideas will require detailed data col-
lection, parameter estimation, model structure refinement, and stochastic simulations to
inform optimal management strategies. Collectively, quantitative models are one important
tool that will complement other approaches, such as mental models and structured decision-
making, to help inform management solutions across an entire urban network of cats.

It has long been recognized that cats may move between subpopulations during their life
cycle [1], yet few population models exist for cats that account for these population transitions.
Such models require a large number of parameters from all cat subpopulations including
demographic vital rates and the transition of cats among the subpopulations [24]. Many of
these vital rates (survival, reproduction, and sterilization) require intensive field data collection
efforts, are difficult to measure (e.g. survival; [37, 38]), and may require stakeholder collabora-
tion. Instead, most population models have considered only one portion of the population [13,
15, 16, 18, 19, 33] and most of these efforts have been focused on a limited number of specific
interventions that influence population dynamics [15, 16, 18, 19] or developing specific man-
agement strategies [17]. Population models that ignore the transition of cats among subpopu-
lations may provide less reliable information about the cat abundance and the impact on
population dynamics of cats across a community.

We have presented a deterministic model that requires city-specific inputs (location, area,
number of dwellings) and uses summary vital rates assumed or estimated from the literature.
In that sense, the model presented here stands as a framework for municipal areas to integrate
multiple data collection schemes into a single holistic population model. In its current form
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the model is not ready for immediate use. Rather, the model provides insight to stakeholders
of the diversity of data necessary to build such a model and guidance to which data are the
highest priority for developing a refined stochastic population model to inform management
strategies of cats in a specific urban area. The Guelph Cat Population Taskforce provides an
example of this type of effort in our community to gauge the human perceptions around cats
and the outputs of our model predicts the number of cats, albeit with wide confidence intervals
on empirically-based population estimates [23, 26]. Given the congruence between observed
and expected population sizes, with ongoing refinement, a stochastic population model could
be used to consider the optimal strategy to address cat overpopulation in that community.
Developing these exercises in multiple urban areas should be a priority to facilitate communi-
cation and partnerships among those interested in cat populations, develop informed working
models to predict cat population processes, and supply information to guide the development
of humane and effective intervention programs to manage cats.

Models to date, formulated to achieve the specific objective of reducing unowned cat popu-
lation growth, have concentrated on a small number of interventions focused on unowned
cats—primarily euthanasia, trap-neuter-return and trap-vasectomy-hysterectomy-return [16,
18, 19]. Once refined for a specific geographic area, a stochastic version of the model that we
propose could be used to consider multiple interventions concurrently to reach multiple objec-
tives that may collectively have larger impacts on cat population dynamics across a commu-
nity. For example, actions focused on owned cats might include subsidized spay-neuter
programs [76, 77], campaigns to reduce the proportion of owned cats given outdoor access
[78], and techniques that increase relinquishment over abandonment. Similarly, actions con-
sidered in population model simulations focused at cats in the shelter may include assurance
that all cats moving through shelters are sterilized, that animal adopters are optimally matched
with adoptable pets to reduce subsequent relinquishment rates [79], and techniques to increase
reuniting lost animals with their owners [72]. For unowned cats, simulations may consider the
relative impact of euthanasia of free-roaming cats compared to feral cats under the assumption
that cats must first be captured to be euthanized and capture rates are density-dependent [30].
Ultimately, increasing the potential number of interventions to manage cats—and considering
the subpopulation where those interventions are implemented—may provide an ability to
identify less divisive management strategies that reach societal objectives by both considering
humane interventions and minimizing the environmental impacts of outdoor cats.

Population models can be used to guide and develop management strategies for cats by cap-
turing the natural variation and uncertainty around population dynamics. Natural variation in
environmental conditions can lead to population fluctuations. For cats, these include typical
environmental conditions that influence outdoor cat populations such as weather [31] as well
as variable human-related conditions such the economy that influence factors such as dispos-
able income that influence population dynamics of companion animals [32]. Given that we
did not consider uncertainty in parameter estimates or stochastic variation inherent in popula-
tion dynamics, future work aimed at developing robust strategies to manage cats would need
to build off our model in two ways. First, stochastic population models should be developed to
capture variance in population dynamics and to understand the probability of certain popula-
tion outcomes. For example, given natural fluctuations in population abundance, what is the
probability of a population decline due to natural factors over a given time frame and how do
these baseline conditions serve to compare to the potential effects of actions aimed to deliber-
ately decrease population size. These comparisons are necessary to better realize the potential
outcomes of management strategies, avoid misleading expectations of different management
actions, and provide decision-makers with the relative odds of a given strategy being successful
of reaching a management objective. Second, stochastic population models should be paired
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with a decision model to determine optimal management sequences to reach cat population
objectives for specific urban areas in the face of uncertainty [81]. Such modeling efforts pro-
vide decision-makers an expectation of the resources (e.g. money) necessary to reach an objec-
tive by a certain date given the dynamic responses of populations to natural conditions and
specific management actions. Given the magnitude of the data needed to develop and refine
these models, it will require stakeholders to work together and to focus data collection for spe-
cific urban areas.

Analysis of population models provide information about how population dynamics
may influence management decisions. The results of perturbation analysis identify which vital
rates and transitions have the largest potential to influence population abundance. Managers
should consider sensitivity values in two ways. First, sensitivity values identify the vital rates
that have the largest influence on uncertainty in the model predictions. These values may arise
from poor data used to estimate parameters used in the model and highlight where research
efforts should be focused to improve the robustness of model predictions [30]. In the case of
Guelph, high quality data should be collected to estimate the demographic rates of owned and
unowned cats. Once the data underlying a sensitive parameter is of high quality, a secondary
use of sensitivity values allow managers to identify which vital rates and transitions should be
targeted to manage a given population [49, 74] and which interventions are the most cost-
effective [82].

For our case-study of Guelph, all subpopulations had elasticity values indicating that target-
ing interventions toward specific vital rates or transition probabilities could contribute to low-
ering the abundance of a specific subpopulation. These results provide insight to stakeholders
about how they might invest their resources to reach their objectives and, importantly, that
interventions applied by any stakeholder on cats in other subpopulations may enhance the
likelihood of reaching their objectives. For example, organizations or stakeholders interested
in reducing animal-shelter intake and promoting successful outcomes might consider advocat-
ing for increasing the sterilization rate of owned and unowned cats in addition to continuing
(or embracing) mandatory sterilization techniques within shelters. Stakeholders interested in
reducing the number of unowned cats might consider ways to enhance the recovery of lost
cats with their owners, decrease abandonment, and decrease relinquishment which was
predicted to directly reduce the unowned cat population abundance. However, we note specifi-
cally that these findings are based on the outcome of a deterministic model that is at equilib-
rium and did not consider how any specific intervention would influence the dynamics of the
cat population. Despite this, the complex relationships in such a connected network model
suggest that interventions focused on any specific vital rate or transition probability will have
complex repercussions across the entire cat population network. As a result, uncoordinated
action plans among different stakeholder groups could be counter-productive to reaching
multiple societal objectives, could collectively take more time, and ultimately cost more
money.

Limitations

Our model showed promise for better understanding cat population dynamics; however, there
are several caveats that currently limit its widespread application. Few studies were available to
estimate some of the demographic and transition rates that were applied in the model and, in
many cases, vital rate estimates were provided in the literature without estimates of variance
that reduce our confidence of their application in the model. On one hand, estimating vital
rates such as survival and reproduction in the field are labor intensive, require long study peri-
ods, and only focus on one small section of the population [35, 38]. On the other hand,
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estimation of per capita transition rates was also limited, despite many studies presenting raw
counts of cat intakes and outcomes [3, 59, 60], because we do not know the size of the focal cat
population. While data limitations and parameter uncertainty is inherent to any population
model, there clearly is an opportunity for ecologists and demographers to collaborate with
stakeholders working directly with cats—shelters, veterinarians, municipal animal services,
feral cat welfare advocates—to develop data collection approaches and statistical analyses to
refine parameter estimates and functional relationships for a structured cat population model.

As evidenced by the model failing to converge using data from an urban area at a southern
breeding latitude in Hawaii, our model is unlikely to be applicable to all urban areas and cau-
tion must be used when trying to extrapolate the predictions from the current model to other
urban areas. Instead, stakeholders should work together to develop and refine a specific model
that is structured in a way that is most useful for their community and for its intended purpose.
For cats, this requires focused studies to estimate demographic vital rates, transition rates
among subpopulations, and especially evidence for density dependence. Despite the challenges
of data availability (e.g. carrying capacity) and uncertainty in the strength and shape of mecha-
nistic feedbacks (e.g. density dependent survival of unowned cats and adoption rates of
unowned cats), our model serves as a framework of how these research elements might fit
together and provide initial hypotheses that should be tested with field data. Ideally, a number
of cities would self-identify as case studies and the cities would best range across a gradient of
urban area sizes and be chosen to fully capture spatial variation in demographic vital rates (e.g.
survival, breeding season length), transition, carrying capacity estimates, and population size.
In other words, the assumed functional relationships that we used should not be applied with-
out first comparing to empirical data and, for model validation, robust estimates of cat abun-
dance for each subpopulation. Despite the fundamental need for these metrics, few robust
estimates of cat populations exist owing to the challenges associated with counting cats [23]
which highlights a key research priority.

Unlike previous models [13-16, 18, 19], our model did not compare different management
strategies for cats. While our model did calculate sensitivities of population size at equilibrium
to demographic and transition rates, these represent the effects under small changes to the
vital rates and therefore do not represent how the dynamics in a population would vary under
different management strategies over time. Therefore, we cannot, without further refinement
of a model for a specific location, define what inventions might be the most appropriate for a
given urban area to reach specific population size objectives. Furthermore, we did not consider
stochasticity in our model despite cat populations being known to vary across space and time
[23, 31]. Accounting for uncertainty in demographic and transition rates is fundamental to
derive robust model predictions on cat population size and develop management strategies for
a given urban area.

Conclusions

Cats are among the most popular pets in our homes and they provide significant benefits for
owner welfare and companionship [83, 84]. Issues surrounding cat population density within
a community are complex and are largely due to the actions (or inactions) of people. Cat popu-
lation dynamics result from the demographic vital rates within and transition between three
segments of the population: owned cats (indoor, indoor/outdoor), unowned cats (free-roam-
ing, true feral), and cats in the shelter system. Management of cat population density must
consider all portions of the population because human intervention greatly facilitates move-
ment between the groups and each group contributes differently to total cat population
growth. Population models that simultaneously predict population abundance across all
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subpopulations of cats within an urban area provide a tool to recognize the challenges and to
engage stakeholders to work together to reach common or different objectives concurrently.
(26]

Supporting information

S1 Table. Free-roaming and feral cat population density records from published literature.
(CSV)

Acknowledgments

Funding support for this project was provided from the Nestlé Purina PetCare Canada Chair
in Communications. We appreciate the assistance of the Guelph Cat Population Taskforce in
supporting data collection and encouraging multi-stakeholder collaboration. We are also very
grateful for the feedback provided on early drafts of the manuscript by Drs. A. Greer, J. Hor-
rocks, and A. Willms. In addition, we appreciate comments and feedback by several anony-
mous reviewers and handling editor C. Lepczyk that have enhanced the manuscript.

Author Contributions

Conceptualization: D. T. Tyler Flockhart, Jason B. Coe.
Data curation: D. T. Tyler Flockhart, Jason B. Coe.

Formal analysis: D. T. Tyler Flockhart.

Funding acquisition: Jason B. Coe.

Project administration: D. T. Tyler Flockhart, Jason B. Coe.
Resources: D. T. Tyler Flockhart, Jason B. Coe.

Software: D. T. Tyler Flockhart.

Supervision: Jason B. Coe.

Validation: D. T. Tyler Flockhart.

Visualization: D. T. Tyler Flockhart.

Writing - original draft: D. T. Tyler Flockhart, Jason B. Coe.

Writing - review & editing: Jason B. Coe.

References

1. Levy JK, Crawford PC. Humane strategies for controlling feral cat populations. Journal of the American
Veterinary Medical Association. 2004; 225(9):1354—60. PMID: 15552308

2. Stoskopf MK, Nutter FB. Analyzing approaches to feral cat management—one size does not fit all. Jour-
nal of the American Veterinary Medical Association. 2004; 225(9):1361-964. PMID: 15552309

3. Canadian Federation of Humane Societies. Cats in Canada. Canadian Federation of Humane Socie-
ties, Ottawa, Canada.: 2012.

4. vanHeezikY, Smyth A, Adams A, Gordon J. Do domestic cats impose an unsustainable harvest on
urban bird populations? Biological Conservation. 2010; 143(1):121-30.

5. Blancher P. Estimated number of birds killed by house cats (Felis catus) in Canada. Avian Conservation
and Ecology. 2013; 8(2).

6. Loss SR, Will T, Marra PP. The impact of free-ranging domestic cats on wildlife of the United States.
Nature communications. 2013; 4:1396. https://doi.org/10.1038/ncomms2380 PMID: 23360987

PLOS ONE | https://doi.org/10.1371/journal.pone.0192139  February 28, 2018 30/34


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192139.s001
http://www.ncbi.nlm.nih.gov/pubmed/15552308
http://www.ncbi.nlm.nih.gov/pubmed/15552309
https://doi.org/10.1038/ncomms2380
http://www.ncbi.nlm.nih.gov/pubmed/23360987
https://doi.org/10.1371/journal.pone.0192139

@° PLOS | ONE

Multistate matrix model of domestic cats

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Dabritz HA, Atwill ER, Gardner IA, Miller MA, Conrad PA. Outdoor fecal deposition by free-roaming cats
and attitudes of cat owners and nonowners toward stray pets, wildlife, and water pollution. Journal of
the American Veterinary Medical Association. 2006; 229(1):74-81. https://doi.org/10.2460/javma.229.
1.74 PMID: 16817717

Gerhold R, Jessup D. Zoonotic Diseases Associated with Free-Roaming Cats. Zoonoses and public
health. 2013; 60(3):189-95. https://doi.org/10.1111/j.1863-2378.2012.01522.x PMID: 22830565

Lepczyk CA, Dauphine N, Bird DM, Conant S, Cooper RJ, Duffy DC, et al. What conservation biologists
can do to counter trap-neuter-return: response to Longcore et al. Conservation Biology:. 2010; 24
(2):627. https://doi.org/10.1111/.1523-1739.2009.01426.x PMID: 20088960

Longcore T, Rich C, Sullivan LM. Critical assessment of claims regarding management of feral cats by
trap—neuter—return. Conservation biology. 2009; 23(4):887-94. https://doi.org/10.1111/j.1523-1739.
2009.01174.x PMID: 19245489

Hall CM, Adams NA, Bradley JS, Bryant KA, Davis AA, Dickman CR, et al. Community attitudes and
practices of urban residents regarding predation by pet cats on wildlife: an international comparison.
PloS one. 2016; 11(4):e0151962. https://doi.org/10.1371/journal.pone.0151962 PMID: 27050447

Peterson MN, Hartis B, Rodriguez S, Green M, Lepczyk CA. Opinions from the front lines of cat colony
management conflict. PLoS One. 2012; 7(9):e44616. https://doi.org/10.1371/journal.pone.0044616
PMID: 22970269

Andersen MC, Martin BJ, Roemer GW. Use of matrix population models to estimate the efficacy of
euthanasia versus trap-neuter-return for management of free-roaming cats. Journal of the American
Veterinary Medical Association. 2004; 225(12):1871-6. PMID: 15643836

Ireland T, Neilan RM. A spatial agent-based model of feral cats and analysis of population and nuisance
controls. Ecological Modelling. 2016; 337:123-36.

Budke CM, Slater MR. Utilization of matrix population models to assess a 3-year single treatment non-
surgical contraception program versus surgical sterilization in feral cat populations. Journal of Applied
Animal Welfare Science. 2009; 12(4):277-92. https://doi.org/10.1080/10888700903163419 PMID:
20183481

Schmidt PM, Swannack TM, Lopez RR, Slater MR. Evaluation of euthanasia and trap—neuter—return
(TNR) programs in managing free-roaming cat populations. Wildlife Research. 2009; 36(2):117-25.

Loyd KA, DeVore J. An evaluation of feral cat management options using a decision analysis network.
Ecology and Society. 2010; 15(4).

McCarthy RJ, Levine SH, Reed JM. Estimation of effectiveness of three methods of feral cat population
control by use of a simulation model. Journal of the American Veterinary Medical Association. 2013;
243(4):502—11. https://doi.org/10.2460/javma.243.4.502 PMID: 23902443

Miller PS, Boone JD, Briggs JR, Lawler DF, Levy JK, Nutter FB, et al. Simulating free-roaming cat popu-
lation management options in open demographic environments. PLoS One. 2014; 9(11):e113553.
https://doi.org/10.1371/journal.pone.0113553 PMID: 25426960

Lohr CA, Cox LJ, Lepczyk CA. Costs and Benefits of Trap-Neuter-Release and Euthanasia for Removal
of Urban Cats in Oahu, Hawaii. Conservation Biology. 2013; 27(1):64—73. https://doi.org/10.1111/j.
1523-1739.2012.01935.x PMID: 23009077

Schmidt PM, Lopez RR, Pierce BL. Estimating free-roaming cat densities in urban areas: comparison of
mark-resight and distance sampling. Wildlife Biology in Practice. 2007; 3(1):18-27.

Sims V, Evans KL, Newson SE, Tratalos JA, Gaston KJ. Avian assemblage structure and domestic cat
densities in urban environments. Diversity and Distributions. 2008; 14(2):387-99.

Flockhart D, Norris D, Coe J. Predicting free-roaming cat population densities in urban areas. Animal
Conservation. 2016; 19(5):472—-83.

Carter TJ. Modeling the domestic cat population of England and Wales. Final Report to the Royal Soci-
ety for the Prevention of Cruelty to Animals (RSPCA). 2012.

Wald DM, Jacobson SK, Levy JK. Outdoor cats: Identifying differences between stakeholder beliefs,
perceived impacts, risk and management. Biological Conservation. 2013; 167:414-24.

van Patter L, Flockhart T, Coe J, Berke O, Goller R, Hovorka A, et al. Perceptions of community cats
and preferences for their management in Guelph, Ontario: a quantitative analysis. in prep.

Janke N. The Effect of Capacity for Care on an Animal Shelter's Admission Trends and Risk Factors
Affecting Length of Stay of Cats (Felis catus): A Case Study at the Guelph Humane Society, 2011-2016
2017.

Hunter CM, Caswell H. The use of the vec-permutation matrix in spatial matrix population models. Eco-
logical modelling. 2005; 188(1):15-21.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192139  February 28, 2018 31/34


https://doi.org/10.2460/javma.229.1.74
https://doi.org/10.2460/javma.229.1.74
http://www.ncbi.nlm.nih.gov/pubmed/16817717
https://doi.org/10.1111/j.1863-2378.2012.01522.x
http://www.ncbi.nlm.nih.gov/pubmed/22830565
https://doi.org/10.1111/j.1523-1739.2009.01426.x
http://www.ncbi.nlm.nih.gov/pubmed/20088960
https://doi.org/10.1111/j.1523-1739.2009.01174.x
https://doi.org/10.1111/j.1523-1739.2009.01174.x
http://www.ncbi.nlm.nih.gov/pubmed/19245489
https://doi.org/10.1371/journal.pone.0151962
http://www.ncbi.nlm.nih.gov/pubmed/27050447
https://doi.org/10.1371/journal.pone.0044616
http://www.ncbi.nlm.nih.gov/pubmed/22970269
http://www.ncbi.nlm.nih.gov/pubmed/15643836
https://doi.org/10.1080/10888700903163419
http://www.ncbi.nlm.nih.gov/pubmed/20183481
https://doi.org/10.2460/javma.243.4.502
http://www.ncbi.nlm.nih.gov/pubmed/23902443
https://doi.org/10.1371/journal.pone.0113553
http://www.ncbi.nlm.nih.gov/pubmed/25426960
https://doi.org/10.1111/j.1523-1739.2012.01935.x
https://doi.org/10.1111/j.1523-1739.2012.01935.x
http://www.ncbi.nlm.nih.gov/pubmed/23009077
https://doi.org/10.1371/journal.pone.0192139

@° PLOS | ONE

Multistate matrix model of domestic cats

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Roth G, Caswell H. Hyperstate matrix models: extending demographic state spaces to higher dimen-
sions. Methods in Ecology and Evolution. 2016; 7(12):1438-50.

Caswell H. Matrix population models: Wiley Online Library; 2001.

Legge S, Murphy B, McGregor H, Woinarski J, Augusteyn J, Ballard G, et al. Enumerating a continen-
tal-scale threat: How many feral cats are in Australia? Biological Conservation. 2017; 206:293-303.

Nowicki SA. Give me shelter: The foreclosure crisis and its effect an America’s animals. Stan J Animal L
& Pol'y. 2011; 4:97.

Nassar R, Mosier J. Feline population dynamics: a study of the Manhattan, Kansas, feline population.
American journal of veterinary research. 1982; 43(1):167—70. PMID: 7091813

Gunther |, Finkler H, Terkel J. Demographic differences between urban feeding groups of neutered and
sexually intact free-roaming cats following a trap-neuter-return procedure. Journal of the American Vet-
erinary Medical Association. 2011; 238(9):1134—40. https://doi.org/10.2460/javma.238.9.1134 PMID:
21529235

Schmidt PM, Lopez RR, Collier BA. Survival, fecundity, and movements of free-roaming cats. Journal
of Wildlife management. 2007; 71(3):915-9.

Devillard S, Say L, Pontier D. Dispersal pattern of domestic cats (Felis catus) in a promiscuous urban
population: do females disperse or die? Journal of Animal Ecology. 2003; 72(2):203—11.

Gehrt SD, Wilson EC, Brown JL, Anchor C. Population ecology of free-roaming cats and interference
competition by coyotes in urban parks. PLoS One. 2013; 8(9):e75718. https://doi.org/10.1371/journal.
pone.0075718 PMID: 24058699

Nutter FB, Levine JF, Stoskopf MK. Reproductive capacity of free-roaming domestic cats and kitten sur-
vival rate. Journal of the American Veterinary Medical Association. 2004; 225(9):1399-402. PMID:
15552315

Danner RM, Farmer C, Hess SC, Stephens RM, Banko PC. Survival of feral cats, Felis catus (Carniv-
ora: Felidae), on Mauna Kea, Haway’i, based on tooth cementum lines. Pacific Science. 2010; 64
(3):381-9.

Levy JK, Friary JA, Miller LA, Tucker SJ, Fagerstone KA. Long-term fertility control in female cats with
GonaCon™, a GnRH immunocontraceptive. Theriogenology. 2011; 76(8):1517—-25. https://doi.org/10.
1016/j.theriogenology.2011.06.022 PMID: 21835455

Hurni H. Daylength and breeding in the domestic cat. Laboratory animals. 1981; 15(3):229-33. https://
doi.org/10.1258/002367781780893803 PMID: 7197314

Wallace JL, Levy JK. Population characteristics of feral cats admitted to seven trap-neuter-return pro-
grams in the United States. Journal of Feline Medicine and Surgery. 2006; 8(4):279-84. https://doi.org/
10.1016/}.jfms.2006.02.004 PMID: 16603400

Caswell H, Shyu E. Sensitivity analysis of periodic matrix population models. Theoretical population
biology. 2012; 82(4):329-39. PMID: 23316494

Brault S, Caswell H. Pod-specific demography of killer whales (Orcinus orca). Ecology. 1993; 74
(5):1444-54.

Stott I, Townley S, Carslake D, Hodgson DJ. On reducibility and ergodicity of population projection
matrix models. Methods in Ecology and Evolution. 2010; 1(3):242-52.

Yodzis P, Innes S. Body size and consumer-resource dynamics. The American Naturalist. 1992; 139
(6):1151-75.

Turchin P. Complex population dynamics: a theoretical/empirical synthesis: Princeton University
Press; 2003.

Martin TG, Burgman MA, Fidler F, Kuhnert PM, Low-Choy S, McBride M, et al. Eliciting expert knowl-
edge in conservation science. Conservation Biology. 2012; 26(1):29-38. https://doi.org/10.1111/j.1523-
1739.2011.01806.x PMID: 22280323

Caswell H. Sensitivity analysis of transient population dynamics. Ecology letters. 2007; 10(1):1-15.
https://doi.org/10.1111/j.1461-0248.2006.01001.x PMID: 17204112

Murray J, Browne W, Roberts M, Whitmarsh A, Gruffydd-Jones T. Number and ownership profiles of
cats and dogs in the UK. The Veterinary Record. 2010; 166(6):163. https://doi.org/10.1136/vr.n4712
PMID: 20139379

Manning AM, Rowan AN. Companion animal demographics and sterilization status: results from a sur-
vey in four Massachusetts towns. Anthrozods. 1992; 5(3):192-201.

Baker PJ, Bentley AJ, Ansell RJ, Harris S. Impact of predation by domestic cats Felis catus in an urban
area. Mammal Review. 2005; 35(3—4):302—-12.

Downes M, Canty MJ, More SJ. Demography of the pet dog and cat population on the island of Ireland
and human factors influencing pet ownership. Preventive veterinary medicine. 2009; 92(1):140-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192139  February 28, 2018 32/34


http://www.ncbi.nlm.nih.gov/pubmed/7091813
https://doi.org/10.2460/javma.238.9.1134
http://www.ncbi.nlm.nih.gov/pubmed/21529235
https://doi.org/10.1371/journal.pone.0075718
https://doi.org/10.1371/journal.pone.0075718
http://www.ncbi.nlm.nih.gov/pubmed/24058699
http://www.ncbi.nlm.nih.gov/pubmed/15552315
https://doi.org/10.1016/j.theriogenology.2011.06.022
https://doi.org/10.1016/j.theriogenology.2011.06.022
http://www.ncbi.nlm.nih.gov/pubmed/21835455
https://doi.org/10.1258/002367781780893803
https://doi.org/10.1258/002367781780893803
http://www.ncbi.nlm.nih.gov/pubmed/7197314
https://doi.org/10.1016/j.jfms.2006.02.004
https://doi.org/10.1016/j.jfms.2006.02.004
http://www.ncbi.nlm.nih.gov/pubmed/16603400
http://www.ncbi.nlm.nih.gov/pubmed/23316494
https://doi.org/10.1111/j.1523-1739.2011.01806.x
https://doi.org/10.1111/j.1523-1739.2011.01806.x
http://www.ncbi.nlm.nih.gov/pubmed/22280323
https://doi.org/10.1111/j.1461-0248.2006.01001.x
http://www.ncbi.nlm.nih.gov/pubmed/17204112
https://doi.org/10.1136/vr.b4712
http://www.ncbi.nlm.nih.gov/pubmed/20139379
https://doi.org/10.1371/journal.pone.0192139

@° PLOS | ONE

Multistate matrix model of domestic cats

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Slater MR, Di Nardo A, Pediconi O, Dalla Villa P, Candeloro L, Alessandrini B, et al. Cat and dog owner-
ship and management patterns in central Italy. Preventive veterinary medicine. 2008; 85(3):267-94.

Statistics Canada. Population and dwelling count highlight tables, 2011 census. Catalogue number: 98-
310-XWE2011002. 2012 [Release date February 8, 2012. Accessed March 21, 2016]. http://www12.
statcan.gc.ca/census-recensement/2011/dp-pd/hit-fst/pd-pl/Table-Tableau.cfm?LANG=Eng&T=
801&S=51&0=A.

Statistics Canada. Population centre cartographic boundary file, 2011 census. Catalogue number: 92-
166-XWE. 2012 [Release date February 8, 2012. Accessed March 24, 2016.]. https://www12.statcan.
gc.ca/census-recensement/2011/geo/bound-limit/bound-limit-2011-eng.cfm.

US Census Bureau. The 2010 census urban and rural total population and housing units. 2010
[Accessed March 24, 2016.]. https://www.census.gov/geo/reference/ua/urban-rural-2010.html.

US Census Bureau. The 2010 census urban areas boundary file. 2010 [Accessed March 24, 2016].
https://www.census.gov/geo/maps-data/data/cbf/cbf_ua.html http://www2.census.gov/geo/tiger/
TIGER2010/UA/2010/.

Wenstrup J, Dowidchuk A. Pet overpopulation: Data and measurement issues in shelters. Journal of
Applied Animal Welfare Science. 1999; 2(4):303-19. https://doi.org/10.1207/s15327604jaws0204_5
PMID: 16363935

Canadian Federation of Humane Societies. Animal Shelter Statistics 2014. Canadian Federation of
Humane Societies, Ottawa, Canada.: 2015.

Scott KC, Levy JK, Crawford PC. Characteristics of free-roaming cats evaluated in a trap-neuter-return
program. Journal of the American Veterinary Medical Association. 2002; 221(8):1136-8. PMID:
12387382

Scott PP, Lloyd-Jacob MA. Reduction in the anoestrus period of laboratory cats by increased illumina-
tion. Nature. 1959; 184:2022. PMID: 14444265

Jemmett J, Evans J. A survey of sexual behaviour and reproduction of female cats. Journal of Small
Animal Practice. 1977; 18(1):31-7. PMID: 853730

Kustritz MVR. Clinical management of pregnancy in cats. Theriogenology. 2006; 66(1):145-50. https:/
doi.org/10.1016/j.theriogenology.2006.03.018 PMID: 16620942

Chu K, Anderson WM, Rieser MY. Population characteristics and neuter status of cats living in house-
holds in the United States. Journal of the American Veterinary Medical Association. 2009; 234(8):1023—
30. https://doi.org/10.2460/javma.234.8.1023 PMID: 19366332

Calhoon RE, Haspel C. Urban cat populations compared by season, subhabitat and supplemental feed-
ing. The Journal of Animal Ecology. 1989:321-8.

Weiss E, Miller K, Mohan-Gibbons H, Vela C. Why did you choose this pet?: Adopters and pet selection
preferences in five animal shelters in the United States. Animals. 2012; 2(2):144-59. https://doi.org/10.
3390/ani2020144 PMID: 26486914

New J, John C, Kelch WJ, Hutchison JM, Salman MD, King M, Scarlett JM, et al. Birth and death rate
estimates of cats and dogs in US households and related factors. Journal of Applied Animal Welfare
Science. 2004; 7(4):229-41. https://doi.org/10.1207/s15327604jaws0704_1 PMID: 15857809

Weiss E, Slater M, Lord L. Frequency of lost dogs and cats in the United States and the methods used
to locate them. Animals. 2012; 2(2):301-15. https://doi.org/10.3390/ani2020301 PMID: 26486923

Lord LK, Wittum TE, Ferketich AK, Funk JA, Rajala-Schultz PJ. Search and identification methods that
owners use to find a lost cat. Journal of the American Veterinary Medical Association. 2007; 230
(2):217-20. https://doi.org/10.2460/javma.230.2.217 PMID: 17223754

Finkler H, Terkel J. The contribution of cat owners’ attitudes and behaviours to the free-roaming cat
overpopulation in Tel Aviv, Israel. Preventive Veterinary Medicine. 2012; 104(1):125-35.

Lord LK, Ingwersen W, Gray JL, Wintz DJ. Characterization of animals with microchips entering animal
shelters. Journal of the American Veterinary Medical Association. 2009; 235(2):160-7. https://doi.org/
10.2460/javma.235.2.160 PMID: 19601734

Morris KN, Gies DL. Trends in Intake and Outcome Data for Animal Shelters in a Large US Metropolitan
Area, 1989 to 2010. Journal of applied animal welfare science. 2014; 17(1):59-72. https://doi.org/10.
1080/10888705.2014.856250 PMID: 24484311

Shyu E, Pardini EA, Knight TM, Caswell H. A seasonal, density-dependent model for the management
of an invasive weed. Ecological Applications. 2013; 23(8):1893-905. PMID: 24555315

Levy J, Isaza N, Scott K. Effect of high-impact targeted trap-neuter-return and adoption of community
cats on cat intake to a shelter. The Veterinary Journal. 2014; 201(3):269-74. https://doi.org/10.1016/j.
tvjl.2014.05.001 PMID: 24980808

PLOS ONE | https://doi.org/10.1371/journal.pone.0192139  February 28, 2018 33/34


http://www12.statcan.gc.ca/census-recensement/2011/dp-pd/hlt-fst/pd-pl/Table-Tableau.cfm?LANG=Eng&T=801&S=51&O=A
http://www12.statcan.gc.ca/census-recensement/2011/dp-pd/hlt-fst/pd-pl/Table-Tableau.cfm?LANG=Eng&T=801&S=51&O=A
http://www12.statcan.gc.ca/census-recensement/2011/dp-pd/hlt-fst/pd-pl/Table-Tableau.cfm?LANG=Eng&T=801&S=51&O=A
https://www12.statcan.gc.ca/census-recensement/2011/geo/bound-limit/bound-limit-2011-eng.cfm
https://www12.statcan.gc.ca/census-recensement/2011/geo/bound-limit/bound-limit-2011-eng.cfm
https://www.census.gov/geo/reference/ua/urban-rural-2010.html
https://www.census.gov/geo/maps-data/data/cbf/cbf_ua.html
http://www2.census.gov/geo/tiger/TIGER2010/UA/2010/
http://www2.census.gov/geo/tiger/TIGER2010/UA/2010/
https://doi.org/10.1207/s15327604jaws0204_5
http://www.ncbi.nlm.nih.gov/pubmed/16363935
http://www.ncbi.nlm.nih.gov/pubmed/12387382
http://www.ncbi.nlm.nih.gov/pubmed/14444265
http://www.ncbi.nlm.nih.gov/pubmed/853730
https://doi.org/10.1016/j.theriogenology.2006.03.018
https://doi.org/10.1016/j.theriogenology.2006.03.018
http://www.ncbi.nlm.nih.gov/pubmed/16620942
https://doi.org/10.2460/javma.234.8.1023
http://www.ncbi.nlm.nih.gov/pubmed/19366332
https://doi.org/10.3390/ani2020144
https://doi.org/10.3390/ani2020144
http://www.ncbi.nlm.nih.gov/pubmed/26486914
https://doi.org/10.1207/s15327604jaws0704_1
http://www.ncbi.nlm.nih.gov/pubmed/15857809
https://doi.org/10.3390/ani2020301
http://www.ncbi.nlm.nih.gov/pubmed/26486923
https://doi.org/10.2460/javma.230.2.217
http://www.ncbi.nlm.nih.gov/pubmed/17223754
https://doi.org/10.2460/javma.235.2.160
https://doi.org/10.2460/javma.235.2.160
http://www.ncbi.nlm.nih.gov/pubmed/19601734
https://doi.org/10.1080/10888705.2014.856250
https://doi.org/10.1080/10888705.2014.856250
http://www.ncbi.nlm.nih.gov/pubmed/24484311
http://www.ncbi.nlm.nih.gov/pubmed/24555315
https://doi.org/10.1016/j.tvjl.2014.05.001
https://doi.org/10.1016/j.tvjl.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24980808
https://doi.org/10.1371/journal.pone.0192139

@° PLOS | ONE

Multistate matrix model of domestic cats

76.

77.

78.

79.

80.

81.

82.

83.

84.

White SC, Jefferson E, Levy JK. Impact of publicly sponsored neutering programs on animal population
dynamics at animal shelters: The New Hampshire and Austin experiences. Journal of Applied Animal
Welfare Science. 2010; 13(3):191-212. https://doi.org/10.1080/10888700903579903 PMID: 20563902

Scarlett J, Johnston N. Impact of a subsidized spay neuter clinic on impoundments and euthanasia in a
community shelter and on service and complaint calls to animal control. Journal of applied animal wel-
fare science. 2012; 15(1):53-69. https://doi.org/10.1080/10888705.2012.624902 PMID: 22233215

Clancy EA, Moore AS, Bertone ER. Evaluation of cat and owner characteristics and their relationships
to outdoor access of owned cats. Journal of the American Veterinary Medical Association. 2003; 222
(11):1541-5. PMID: 12784959

Curb LA, Abramson ClI, Grice JW, Kennison SM. The relationship between personality match and pet
satisfaction among dog owners. Anthrozods. 2013; 26(3):395-404.

Baars M. Catches in pitfall traps in relation to mean densities of carabid beetles. Oecologia. 1979; 41
(1):25-46. https://doi.org/10.1007/BF00344835 PMID: 28310358

Pichancourt JB, Chades |, Firn J, van Klinken RD, Martin TG. Simple rules to contain an invasive spe-
cies with a complex life cycle and high dispersal capacity. Journal of Applied Ecology. 2012; 49(1):52—
62.

Baxter PW, McCarthy MA, Possingham HP, Menkhorst PW, McLean N. Accounting for management
costs in sensitivity analyses of matrix population models. Conservation Biology. 2006; 20(3):893-905.
PMID: 16909581

Beck AM, Meyers NM. Health enhancement and companion animal ownership. Annual review of public
health. 1996; 17(1):247-57.

Barker SB, Wolen AR. The benefits of human—companion animal interaction: A review. Journal of veter-
inary medical education. 2008; 35(4):487-95. https://doi.org/10.3138/jvme.35.4.487 PMID: 19228898

PLOS ONE | https://doi.org/10.1371/journal.pone.0192139  February 28, 2018 34/34


https://doi.org/10.1080/10888700903579903
http://www.ncbi.nlm.nih.gov/pubmed/20563902
https://doi.org/10.1080/10888705.2012.624902
http://www.ncbi.nlm.nih.gov/pubmed/22233215
http://www.ncbi.nlm.nih.gov/pubmed/12784959
https://doi.org/10.1007/BF00344835
http://www.ncbi.nlm.nih.gov/pubmed/28310358
http://www.ncbi.nlm.nih.gov/pubmed/16909581
https://doi.org/10.3138/jvme.35.4.487
http://www.ncbi.nlm.nih.gov/pubmed/19228898
https://doi.org/10.1371/journal.pone.0192139

