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Abstract Cat management campaigns have been

implemented on several islands worldwide. However,

few successful campaigns have occurred on perma-

nently inhabited islands. Cats are known for causing

severe impacts on the native insular fauna, posing an

important threat to biodiversity. Moreover, this

species is also responsible for zoonosis maintenance

and transmission. A thorough understanding of cat

population structure (e.g., supervised vs.

unsupervised) is strongly suggested as a management

action on inhabited islands, as it might promote more

efficient and effective management of this species.

Fernando de Noronha is an archipelago in the tropical

Atlantic Ocean. The total cat population on the main

island was estimated at 1287 animals, most of them

supervised and subsidized around inhabited areas.

Free-roaming cats currently threaten the endemic

terrestrial fauna of Fernando de Noronha, and the cat

density found by the present work is among the highest

ever recorded on an island. Using population dynamic

simulations, the long-term effects of reproduction

control and removal of cats from the archipelago were
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assessed. Removal of cats was also suggested as a

necessary management strategy to achieve negative

population growth. In addition, it was more cost-

effective than reproduction control. However, apply-

ing both removal and sterilization strategies to this

population resulted in a higher population decrease

than removal alone. For these reasons, a combination

of reproductive control and cat eradication should be

implemented in Fernando de Noronha.

Keywords Cat � Felis silvestris catus � Fernando de

Noronha � Management � Conservation

Introduction

Islands occupy an insignificant land area globally, but

they are of considerable ecological importance due to

high terrestrial endemism and as breeding and resting

sites for marine birds. The archipelago of Fernando de

Noronha, located northeast of the Brazilian coast, is an

important hotspot for seabird richness in the tropical

Atlantic Ocean. Although not reported until the

nineteenth century (Ridley 1888), domestic cats were

probably introduced to the archipelago in its early days

of human occupation a few centuries prior.

The domestic cat is among 100 of the world’s worst

invasive species (Lowe et al. 2000), acting as super-

predators in island trophic webs (Nogales et al. 2013).

Almost all extinctions of avian species on islands have

been caused by the introduction of mammalian preda-

tors such as cats and rats (Blackburn et al. 2004;Doherty

et al. 2016). Cats have been responsible for the

extinction of 11 avian, 4 mammal and 1 reptile species

on120 islands (Medina et al. 2011).Cats also threaten or

were responsible for the endangerment of 128 species

(95 birds, 18 mammals, and 15 reptiles), 36 (28.1%) of

which are considered critically endangered (Medina

et al. 2011). Dietary studies showed that cats preyed

upon 248 different species on 40 islands, especially

birds (45.6%) (Bonnaud et al. 2011; Nogales et al.

2013). Endemic island birds are especially vulnerable to

cat predation due to their lack of behavioral adaptation

and strategies to address predation by mammalian

carnivores, apparent fidelity of nest sites, lowgeneration

turnover and population sensitivity to adult mortality

(Pontier et al. 2008). Predation pressure also affects

behavior and may cause separation of mates and

abandonment of nest sites (Pontier et al. 2008).

Cats are usually introduced to islands to control rats

and as domestic companion animals. However,

domesticated cats can revert to self-sufficiency

quickly, showing predation behavior, natural court-

ship, and mate selection (Moseby et al. 2015). They

can also reach high reproductive capacity without

human supervision (Nutter et al. 2004). The presence

of cats can lead not only to predation of wild animals

and ecosystem disruption but also to public nuisance,

animal welfare issues, disease maintenance, and

transmission of disease to humans (zoonosis) and

other animals (Robertson 2008; Medina et al. 2014).

The most important zoonotic disease maintained by

cats is toxoplasmosis, which can cause ophthalmic and

brain damage or fetus malformation in humans

(Dubey 2010). Zoonosis control is especially impor-

tant in remote locations and is, by itself, sufficient

justification for cat management to ensure public

health on inhabited islands.

Fernando de Noronha was discovered by Vespucci

in 1503, becoming the first Brazilian captaincy, but the

first attempts at human occupation only occurred in

1630 by the Dutch and in 1736 by the French (Linsker

et al. 2003; Tada et al. 2010). The invaders were

expelled in 1737 by the Portuguese, who began to

militarize the archipelago (Linsker et al. 2003). As soon

as the archipelago was evacuated, the Portuguese

brought the first livestock animals (Tada et al. 2010).

The garrisons were built by prisoners brought from the

continent, and, after the completion of the work in 1778,

Fernando de Noronha became a correctional colony

(Tada et al. 2010). In 1761, the population reached 1000

people (400 soldiers and 600 prisoners), and in 1883,

2382 people (1561 ofwhomwere prisoners) (Tada et al.

2010). During the Second World War, the archipelago

was used as a military base, receiving approximately

3000 Brazilian and 300 American officers (Tada et al.

2010). The political prisoners were transferred to the

continent during that period. The first civilian govern-

ment was constituted only in 1987, when tourism

activities started to be implemented (Tada et al. 2010).

Currently, there are eight daily commercial flights to

Fernando de Noronha, placing it as one of the main

tourist destinations in Brazil.

No previous study has been conducted on the cat

population of Fernando de Noronha, even though

sterilization campaigns have been in place since 2007.

In fact, few studies of cat population structure prior to

management strategies on islands have been
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conducted worldwide. From 135 recorded cat eradi-

cation attempts, this estimation has only been made in

47 (34.8%) (Nogales et al. 2004; Campbell et al.

2011). Moreover, most cat eradications occurred on

small uninhabited islands (Nogales et al. 2004;

Campbell et al. 2011; DIISE 2015). Even though

precise population estimates are not necessary in

implementing cat eradication methods, they are

essential to the long-term sustainability of control

measures, especially if social and financial consider-

ations must be supported indefinitely.

Cat management on inhabited islands constitutes a

logistic, scientific and political challenge. Considering

human supervision, i.e., subsidies, movement restric-

tion and veterinary care provision, the cat population

can be divided into supervised and unsupervised.

Supervised cats may be kept exclusively indoors,

under movement restriction (restricted), or allowed to

roam freely (unrestricted). Unsupervised cats are also

unrestricted. In this category, there are cats that

receive subsidies from people and tend to be more

domestic (commensal), but there may be cats that do

not rely on human subsidies and tend to present feral

behavior, preying substantially on wild animals. In

fact, even if a cat receives human subsidies or is

supervised, it also preys on local fauna if left

unrestricted (Woods et al. 2003). For that reason, a

free-roaming cat in the environment cannot be clas-

sified on sight as an unsupervised (feral or stray) or

unrestricted supervised cat (Moseby et al. 2015). This

basic cat population structure is exemplified in Fig. 1.

Knowing the structure of the cat population prior to

any management action allows the choice of the best

strategy in terms of cost effectiveness and community

acceptance and support. For all those reasons, the aims

of this study were to determine the cat population

structure and simulate the impact of different inter-

vention strategies. The results of the present study

might provide elements for the implementation of an

efficient cat management plan not only on Fernando de

Noronha but also on other inhabited oceanic islands.

Methods

Study area

The archipelago of Fernando de Noronha consists of

21 islands and islets, totaling 18.2 km2 and located

350 km from the Brazilian coast, in the Equatorial

South Atlantic (3�50028.900S, 32�24039.400W). The

main island measures 16.4 km2 (Almeida 2002), with

five human settlements (Fig. 2) and a resident popu-

lation of approximately 3000 inhabitants in 978

households (IBGE 2015). The other islands and islets

are uninhabited. In 1986, an environmental protection

area (APA) (Fig. 2) was created around the inhabited

center of the main island, controlling the use of the

marine and terrestrial natural resources (Couto 2004).

In 1988, the marine national park (PARNAMAR)

(Fig. 2) was created around the uninhabited areas of

the main island, covering almost 110 km2, including

53% of the terrestrial area of the main island and all the

secondary islands and islets (Ferreira et al. 1990).

The archipelago’s landscape is mostly plains, and

gently sloping hills are located in the center and on the

southwestern tip of the main island, reaching a

maximum altitude of 323 m above sea level (Almeida

2002; Linsker et al. 2003). Most of the PARNAMAR

is composed of herbaceous vegetation, except for the

hilltops and the southwest tip of the main island, which

are composed of dense arboreal vegetation (ICMBio

2005). On the northern tip of the main island,

herbaceous shrubs make up the vegetation growing

on the dunes (ICMBio 2005). All the human settle-

ments, agriculture and livestock zones are located in

the APA. The airstrip and the military village (both

located in the center of the main island) are fenced and

inaccessible to civilians and domestic animals

(Fig. 2).

Cats were only one of the many animal introduc-

tions to the archipelago, along with rats (Rattus

norvegicus and Rattus rattus), mice (Mus musculus),

house geckos (Hemidactylus mabouia), rococo toads

(Rhinella jimi) and tree frogs (Scinax sp.), all

accidentally introduced since the first landings in the

sixteenth century. Wild Brazilian species were also

deliberately introduced, like the rocky cavy (Kerodon

rupestris), brought in 1967 by the military as a game

animal (Oren 1984), and the tegu lizard (Salvator

merianae), which was brought prior to 1950 (Santos

1950), supposedly to control rats (Ferreira et al. 1990).

A small number of endemic terrestrial vertebrate

species occur in the archipelago, such as the Noronha

skink (Trachylepis atlantica) (Pyron et al. 2013), the

Noronha worm lizard (Amphisbaena ridleyi) and three

land birds (Elaenia ridleyana, Vireo gracilirostris and

Zenaida auriculata noronha). Resident marine fauna
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includes tropicbirds (Phaeton aethereus and P. lep-

turus), boobies (Sula sula, S. dactylatra and S. leuco-

gaster), sooty terns (Onychoprion fuscatus), noddies

(Anous stolidus and A. minutus), white terns (Gygis

alba), and frigatebirds (Fregata magnificens) along

with a terrestrial crab (Johngarthia lagostoma) (Fer-

reira et al. 1990; Sigrist 2014). Currently, the most

important nesting sites for the seabirds are the

secondary islands of the archipelago. On the main

island, the most threatened remaining species are Sula

spp. and Phaeton spp., which nest only in a few remote

locations on rocky cliffs (Schulz-Neto 2004).

The trophic web of Fernando de Noronha has never

been determined, but comparing the predator species

present in the archipelago (cats, tegu lizards, and rats),

cats are by far the one that interacts with the highest

number of other species. They interact with all species

listed in Fernando de Noronha (Ferreira et al. 1990),

even with the tegu lizard, probably preying on their

offspring and directly competing with adults for

resources.

Study design

The aim of this study was to measure, then utilize,

population structure to simulate management strate-

gies. Conducted from 5 to 27 November, 2015 it was

performed in two steps. In the first step, from 5 to 20

November 2015, the free-roaming cat population size

and density were estimated on the main island (see

‘‘Free-roaming cat sighting’’ to ‘‘Free-roaming cat

population estimation’’ sections). Although docu-

mented in the nineteenth century (Ridley 1888), no

recent records of cats on the secondary islands have

been made. Still, Rata and Meio islands (Fig. 2) were

visited twice during the study period in an attempt to

find cat signs and to verify their absence.

In the second step, from 21 to 27 November 2015, a

household survey was performed to deepen the

understanding of the structure of the cat population

(see ‘‘Household survey and cat population structure’’

section). The aim was to understand the degree of

supervision of the cats by the inhabitants and to obtain

information to perform cat population dynamics

simulations. The supervised (restricted and unre-

stricted) cat population was estimated from the survey

results by using the mean number of cats per

household and multiplying it by the total number of

households in Fernando de Noronha. The total cat

population on the main island was calculated by

summing the estimates of the free-roaming (super-

vised and unsupervised) and the restricted supervised

populations. Finally, along with the population

dynamics analysis, a cost-benefit analysis was

Fig. 1 Cat population

structure based on owner

supervision, movement

restriction and cat behavior.
1Provision of subsidies, such

as food, water and

veterinary care, by the

owner. 2Indoor restriction.
3Stray cats, eventually

provisioned with subsidies.
4Feral cats, showing

aggressive and elusive

behavior
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performed to compare different cat control strategies

in Fernando de Noronha (presented as Supplementary

Information).

Free-roaming cat sighting

Free-roaming cats were sighted in seven transects on

the main island of Fernando de Noronha. The transects

were chosen according to the vegetation cover and

anthropization levels of the main island of the

archipelago, in six different areas (referred as strata)

(Fig. 2) according to the zoning of the PARNAMAR

and APA (ICMBio 2016). In the urban area (APA),

two transects were chosen, since the population was

expected to be higher. The transects were performed at

night, after sunset (7 pm), since cats without move-

ment restriction are more active at night (Piccione

et al. 2013). All transects were covered twice over two

subsequent weeks during the study period to produce a

more precise estimate.

Distance sampling sessions using the trails as single

linear transects were performed. This is a goodmethod

to estimate population size and density in challenging

field conditions if assumptions such as certainty in

object detection and exact distance measures are met

(Thomas et al. 2010). In each sampling session, the

active search for the free-roaming cats was made using

a spot flashlight. Once a cluster of one or more animals

was sighted, the perpendicular distance of the

observed cluster from the transect was taken using a

laser distance meter (Fluke� 414D). The method only

included cats detected within the range of the laser

distance meter, i.e., 30 m. Two observers performed

the active search, each one responsible for one side of

Fig. 2 Digital elevation model (DEM) showing the locations of

human settlements and conservation areas of the archipelago of

Fernando de Noronha, Brazil, along with the study areas and

transects used in a cat survey performed in November, 2015.

Source: ICMBio
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the transect. Animals were sighted on both sides of the

transects, and only in the outward direction. Cats

sighted on the way back were not considered.

Free-roaming cat density

The cat density (animals per km2) calculation was

made in the Distance package for programming

language R (R Core Team 2015). The analysis was

stratified by sampling sessions and study areas. A cat

detection function was made with the perpendicular

measures of sighted animals. For this, a half-normal

model using distances truncated to the right (with a

threshold of 30 m due to the range of the laser distance

meter) with cosine series expansion was used. Indi-

vidual and cluster observations of cats were consid-

ered in the analysis. The 95% confidence intervals of

the point estimates were also calculated by the

software.

Free-roaming cat population estimation

Assuming that the detection probability decreases

with increasing distance of the free-roaming cats from

the transect, not all animals in the truncation distance

of 30 m would need to be detected. The distribution of

these distances was used to estimate the proportion of

animals within the truncation distance that were

detected, allowing the estimation not only of the

density but also of the population size (Thomas et al.

2010). This calculation was made directly in the

Distance package, using the areas of the strata. To

estimate the stratum areas, a landscape contour

shapefile (with contour lines every 5 m) of the

archipelago (courtesy of ICMBio) was used to obtain

its vertices using the Extract node tool of QGIS 2.10.1

Pisa software (QGIS Development Team 2015). The

points of the resulting thematic map were interpolated

to generate a raster map layer with the elevation values

in a pixel grid of 10 m 9 10 m. This analysis was

made with the Interpolation plugin of QGIS, using the

raster value (elevation) as the attribute and triangular

interpolation (TIN) as the method.

A digital elevation model (DEM) of the archipelago

was made from the interpolation raster using the DEM

(Terrain Models) tool of QGIS. Two DEM maps were

created, one using the Hillshade mode just for

representation of the archipelago and another using

the Slope mode, in order to calculate the slope of each

pixel. The three-dimensional (3D) area of each pixel

(A) was calculated using the formula:

A ¼ 100m2=cos slope � p=180ð Þ;

where slope was given in radians.

This calculation was made using the Raster calcu-

lation plugin of QGIS. The 3D areas of the main island

and the study areas were obtained from themetadata of

the raster maps. This area was used in the Distance

package as a parameter for the calculation of the free-

roaming cat population.

To verify the accuracy of the observation of cats on

transects, a viewshed analysis was performed using

the ViewShed plugin of QGIS. This plugin requires

two georeferenced layers: observation points and a

DEM. The observation points were obtained from the

vertices of the transects, using the Extract node tool of

QGIS. The parameters for this analysis were as

follows: observation radius of 30 m, researcher height

of 1.8 m and target (cats and cat clusters) at floor level.

The viewshed areas of each transect were compared to

the 2D areas obtained in the Distance package of R,

which considered each transect as a straight line.

Household survey and cat population structure

During the last week of the campaign, a questionnaire

was administered to all five settlements at the main

island (Fig. 2). Households were the primary sample

units, and the subjects were residents over 18 years of

age. A single researcher performed the interviews. In

each settlement, at least 10 households were visited in

a 3-h period, and one settlement was visited per day.

The questionnaire covered population dynamics, ani-

mal identification, responsible ownership, and preda-

tion perception aspects and is presented as

Supplementary Information.

Cats that were deliberately given food and water

were considered supervised, i.e., their owners could

provide information about these animals. The super-

vised cats could be either restricted or unrestricted

(Fig. 1). Cats that were not given food and water

deliberately but were allowed to roam near the

households were considered domestic unsupervised.

The mean number of supervised cats (restricted and

unrestricted) per household was multiplied by the

number of households in Fernando de Noronha

(n = 978) to obtain the supervised cat subpopulation.
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The unsupervised cat subpopulation was obtained by

subtracting the number of unrestricted supervised cats

from the free-roaming cat population (calculated in

‘‘Free-roaming cat population estimation’’ section).

Cat population dynamics

The simulations and graphics were made using the

capm package for R, as described by Dias et al. (2015).

The model was deterministic, and the simulations

were applied in the midpoint of a 1-year period. The

notation 1 was used for the supervised subpopulation,

and 2 for the unsupervised. Arbitrary data from the

unsupervised cat population were included in the

model to allow the completion of the simulations in

the capm package, but these parameters had no impact

on the supervised population outputs, since the

unsupervised population is only a group of animals

from which individuals migrate with respect to the

supervised subpopulation (Dias et al. 2015). The

parameters used in the simulations of the supervised

and unsupervised subpopulations were as follows:

(a) Number of births (b1): number of kittens

produced if the entire population of intact

females had reproduced up to 1 year prior to

the study. For the unsupervised subpopulation,

the number of births (b2) was estimated as 50%

of the number of births in the supervised

subpopulation (b1);

(b) Mortality rate: (df1 and dm1): number of cats

(per gender) that died up to 1 year prior to the

study/number of animals (per gender) deter-

mined in the study. For the unsupervised

subpopulation, df2 and dm2 were twice df1

and dm1, respectively;

(c) Sterilization rate (sf1 and sm1): number of

animals (per gender) sterilized up to 1 year

prior to the study/number of animals (per

gender) mentioned in the study. For the unsu-

pervised subpopulation, sf2 and sm2 were equal

to zero, since only supervised cats are sterilized;

(d) Female/male ratio (h1): ratio of animals deter-

mined in the study. For the unsupervised

subpopulation, h2 was considered to be equal

to h1;

(e) Carrying capacity (k1): estimated cat popula-

tion if all households were to have the median

number of animals/household with the presence

of cats observed in the sample. The unsuper-

vised subpopulation was considered to be at the

carrying capacity limit; therefore, k2 was con-

sidered to be equal to the observed unsupervised

subpopulation;

(a) Abandonment rate (a): number of animals (of

both genders) that disappeared from the super-

vised population up to 1 year prior to the

study/supervised population;

(b) Immigration rate (m): this parameter was not

considered, since the entrance of domestic

animals into the archipelago is prohibited by

the District Administration and supervised at

the airport and port;

(c) Adoption rate (a): new cats in the household up

to 1 year prior to the study/unsupervised

population.

The vital parameters b1, df1, dm1, sf1, sm1, h1, k1,

a, v and a were derived from the questionnaire. Cats

whose owners declared that they promoted strict

movement restriction (e.g., keep indoors) would not be

sighted during the sampling sessions, but the propor-

tion that constitutes this subpopulation was calculated.

Cat management interventions

Four different cat management strategies were simu-

lated using the capm package during a period of

50 years in Fernando de Noronha, varying the sf1, sf2,

and v parameters:

(a) Strategy A: ‘‘current sterilization rate’’ applied

to the supervised subpopulation annually (i.e.,

sf1 and sf2 measured by the questionnaire);

(b) Strategy B: annual sterilization of 100% of the

intact females (and current rate for males) of the

supervised subpopulation (i.e., sf1 = 100% and

sm1 measured by the questionnaire);

(c) Strategy C: annual removal of cats to continen-

tal Brazil (along with sf1 and sf2 measured by

the questionnaire) to stabilize the population

size equal to the supervised subpopulation

submitted to Strategy A. This threshold was

achieved by varying vwith negative values (i.e.,

emigration);

(d) Strategy D: Strategy B and C combined.

For all strategies, the female and male sterilization

rates of the unsupervised subpopulation were
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considered to be 0%. No euthanasia strategy was

simulated, since this procedure is forbidden for

healthy cats in the archipelago (State Law 14,139 of

August 31, 2010), but cats could be live-trapped from

the population and removed to continental Brazil,

instead. The initial subpopulation sizes were the same

for all strategies, derived from the cat population

estimations and sf1 and sf2 at t0 from the question-

naire. A cost effectiveness analysis of the cat man-

agement interventions is presented as Supplementary

Information.

Results

The transect lengths ranged from 1.6 to 3.7 km,

completed in a maximum of 2 h each. The 3D area of

the archipelago was 19.04 km2. The areas of the strata

varied from 0.71 to 4.01 km2. The 3D areas of the

strata, covered areas during the sampling sessions,

effort (covered distance) and number of individual

cats and clusters are shown in Table 1. The viewshed

areas of each transect are also shown in Table 1, along

with a comparison with the 2D area. The total

viewshed area of the seven transects was 0.7 km2, or

32% of the total 2D area and 4.3% of the total area of

the main island of the archipelago.

During the observations, 85 cat clusters were

sighted. The cluster sizes varied from 1 to 5 cats,

totaling 107 cat sightings. The perpendicular distances

varied from 0 m to 30 m from the trail. A histogram of

the perpendicular distances of the observed cat

clusters from the transects along with the estimated

detection function is represented in Fig. 3.

The free-roaming cat population estimation and

density in each stratum are shown in Table 2. The

estimated density of free-roaming cats in the main

island was 71.1 per km2 (CI 95% = 56.9; 88.9). The

densities in the strata varied widely from 10.8 to 207.8

per km2 (Table 2). The free-roaming cat population of

the main island was estimated at 1155 individuals (CI

95% = 924; 1443), varying from 27 to 797 cats in

each stratum (Table 2). No cat signs were found on

Rata or Meio Islands.

A diagram summarizing the questionnaire results is

shown in Fig. 4. In 50 interview attempts, 37 (74%)

respondents were found; among them, 12 (32.4%)

regularly provided food and water for their cats and

therefore were considered cat owners. The number of

cats under supervision in the sample was 37. The mean

number of cats per cat-owning household was 3.08

individuals. Considering that supervised cats are

present in 32.4% of the households, the subpopulation

of supervised cats in Fernando de Noronha would be

976 individuals. Of the 31 households with cats, only 3

(9.7%) kept the cats indoors at all times (under

movement restriction). The number of cats kept under

movement restriction was five, or 13.5% of the

supervised cats. Therefore, the expected number of

cats under movement restriction would be 132

animals, and the number of supervised cats without

movement restriction (unrestricted) would be 844 (or

86.5% of the supervised population). With the free-

roaming cat subpopulation estimated at 1155

Table 1 Three-dimensional areas of the strata, areas covered during the sampling sessions, effort and number of cats sighted during

a survey performed in November, 2015 in Fernando de Noronha Archipelago, Brazil

Stratum Area (km2)a Effort

(km)b
Covered 2D

area (km2)

Viewshed

area (km2)c
Cats

sighted

Cat

clusters

1 3.96 (3.46%) 10.64 0.64 0.163 (25.5%) 79 65

2 2.12 (5.82%) 3.19 0.19 0.074 (38.9%) 11 7

3 4.01 (1.79%) 5.81 0.35 0.137 (39.1%) 4 4

4 2.81 (3.49%) 5.18 0.31 0.075 (24.2%) 2 2

5 0.71 (3.14%) 6.50 0.39 0.141 (36.1%) 9 5

6 3.40 (11.22%) 5.18 0.31 0.110 (35.5%) 2 2

Total 19.04 (4.7%) 36.50 2.19 0.700 (32%) 107 85

a Percentages in parentheses indicate the difference between three-dimensional and two-dimensional areas
b In two sampling sessions
c Percentages in parentheses indicate the division of the two-dimensional by the three-dimensional covered areas
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individuals and the supervised population at 976

individuals, the unsupervised subpopulation was esti-

mated at 311 individuals, including unsupervised

commensal and feral cats. Ultimately, the total

population of cats in Fernando de Noronha was

estimated at 1287.

The sex ratio, reproductive status and births of the

cats known by the interviewed subjects are shown in

Fig. 4. Moreover, a total of 14 cats disappeared, 10

died and 1 was given away\1 year prior to the study.

The vital parameters of the supervised subpopulation

(birth, death, sterilization, abandonment, immigration

and adoption rates) derived from the questionnaire and

used in the cat population interventions are shown in

Table 3. The initial supervised subpopulation sizes,

derived from the proportions observed in the survey

and used in the simulations, were 158 intact females,

211 sterilized females, 342 intact males and 265

sterilized males, totaling 976 animals. As for unsu-

pervised cats, considering that unsupervised cats are

derived from the supervised population, the same

proportions were used in the simulations: 51 intact

females, 67 sterilized females, 109 intact males and 84

sterilized males, totaling 311 animals.

The current annual sterilization rates of supervised

females was 21.1% and of males, 33.3% (Table 3).

Regarding cat population dynamics, strategy A (usual

sterilization rates applied annually in the supervised

population), was not able to reduce the cat population.

In fact, after 50 years, the population was 34.3% larger

than at t0. Strategy B (sterilization of 100% of intact

supervised females and usual rates for supervised

males) was not able to reduce the population either,

and the cat population size was 31.2% larger than at t0.

Fig. 3 Histogram of the

perpendicular distances of

the observed cat clusters

from the transects and cat

detection function estimated

on the archipelago of

Fernando de Noronha,

Brazil

Table 2 Free-roaming cat densities and population estimated in Fernando de Noronha Archipelago, Brazil

Stratum Free-roaming cat density

(individuals/km2)

Confidence interval

(95%)

Free-roaming cat

population

Confidence interval

(95%)

1 207.8 164.6; 262.5 797 631; 1006

2 96.4 67.9; 136.9 193 136; 274

3 19.3 13.1; 28.3 76 52; 111

4 10.8 0.0004; 272,834.5 29 0.001; 740,201

5 38.7 2.0; 765.5 27 1; 525

6 10.8 8.9; 13.2 33 27; 40

Total 71.1 56.9; 88.9 1155 924; 1443
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The cat removal rate (strategy C) necessary to stabilize

the cat population at levels equal to the original

population submitted to strategy A was 11.7% per

year. The cat population submitted to the combination

of the strategies B and C (strategy D) was 2.5%

smaller than the final population submitted to the

strategy C alone. The evolution of the population

submitted to each management strategy is shown in

the Supplementary Material.

Finally, regarding perception of cat predation, of 31

interview subjects that reported cat presence in their

households, 24 (77.4%; CI 95% = 69.3; 85.5%) had

seen cat predation on the Noronha skink, 15 (48.4%;

CI 95% = 29.9; 66.9%) on rats and mice and 9 (29%;

CI 95% = 3.6; 54.4%) on birds\1 year prior to the

study.

Discussion

The current work presented novel cat density calcu-

lations, investigation of population structure and

dynamics and modeling of intervention scenarios.

Distance sampling was appropriate to estimate cats on

Fernando de Noronha, since they became immobile

when spotlighted. Using three-dimensional spatial

estimation of the archipelago improved the accuracy

of the cat density and population estimations. The 3D

approach was only 4.7% larger than the 2D (Almeida

2002), but this result showed that 2D approaches

might underestimate population estimates. The view-

shed analysis was performed to compensate for the

limitation imposed by the fact that the researchers

were not allowed to walk off the trails in the

Fig. 4 Representation of the supervised cat sex ratio, reproductive status and births observed on the archipelago of Fernando de

Noronha, Brazil
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PARNAMAR. Even with an accuracy of 32%, the

total covered area was significant compared with the

total area of the main island. Moreover, the stratifica-

tion of the main island into six sampling areas

compensated for the limited accuracy of the distance

sampling, nonetheless allowing the observation of a

gradient in the cat density from the urban areas to the

remote areas. Along with the description of the

supervised subpopulation, the free-roaming cat sub-

population provided a proper characterization of the

cat population structure in Fernando de Noronha. The

description of the cat population structure increased

the understanding of the impact of future management

options.

The cat density observed on Fernando de Noronha

is among the highest for islands subjected to manage-

ment strategies (Nogales et al. 2004; Campbell et al.

2011). An eventual intervention on the cat population

(even if only upon the supervised subpopulation)

would place Fernando de Noronha as one of the largest

cat management campaigns ever conducted on an

island. Considering the islands that estimated cat

populations prior to eradication campaigns, only

Marion (290 km2) and Macquarie (128.7 km2) were

larger than Fernando de Noronha, with estimated cat

populations of 3405 and 2450, respectively (Nogales

et al. 2004). However, neither islands had permanent

human populations. The cat densities on Marion (11.7

per km2) and Macquarie (19 per km2) were below the

cat density observed in strata 3–6 (10.0–38.7 per km2).

In fact, only six islands presented cat densities above

that observed in Fernando de Noronha, and their areas

varied from 0.3 to 3.7 km2 (Nogales et al. 2004).

Currently, among the 26 oceanic islands worldwide

featuring similar characteristics to Fernando de

Noronha (area ranging from 10 to 20 km2 and human

population from 1000 to 10,000 inhabitants), cats

threaten endemic and resident reptiles in 13 (50%),

seabirds in 8 (38.8%), land birds in 6 (23.1%),

mammals in 5 (19.2%) and amphibians in 3 (11.5)

(TIB 2014). If cat management strategies are to be

implemented in any of these islands, they could benefit

from the insights of the present work.

Nine methods were successfully used in 86 cat

eradication campaigns (Campbell et al. 2011): primary

poisoning (mostly with sodium monofluoroacetate, or

1080), secondary poisoning with brodifacoum, leg-

hold traps, cage traps, kill traps, hunting, use of dogs,

disease introduction and neutering of domestic cats.

From this list, poisoning of cats, either primary or

secondary, would be the ideal choice to promote initial

reduction of the unsupervised cat population.

Poisoning methods are especially appropriate to

Fernando de Noronha, since these toxicants are

specific to mammals (Eason and Wickstrom 2001),

and all the mammals present in the archipelago are

invasive. Dogs and livestock would be unlikely to

ingest those baits, since after the enactment of the

District Law 19, which prohibited free-roaming

domestic animals, those animals began to be kept

under restriction. Cats, however, are still largely kept

unrestricted. The 1080 baits could be laid by ground or

Table 3 Vital parameters of the supervised and unsupervised cat subpopulations estimated in Fernando de Noronha Archipelago,

Brazil, 2015

Parameters Supervised subpopulation Unsupervised subpopulation

Births (b) (animals) 775 148

Female mortality (df) (year-1) 0.125 0.250

Male mortality (dm) (year-1) 0.125 0.250

Female sterilization (sf) (year-1) 0.211a, 1.000b,c 0.000

Male sterilization (sm) (year-1) 0.333a,b,c 0.000

Carrying capacity (k) (animals) 2934 360

Female/male ratio (h) 1.055

Abandonment (disappearing) (a) (year-1) 0.187

Immigration (m) (year-1) 0.000a,b, -0.117c

Adoption (a) (year-1) 0.254

a Implemented in Strategy A
b Implemented in Strategy B
c Implemented in Strategy C
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aerial deployment, especially in the remote areas of

the main island of the archipelago. Secondary poison-

ing of cats through rodent poisoning with brodifacoum

is also recommended, since cat eradication strategies

should be implemented simultaneously with rat erad-

ication. Controlling cats prior to rats could cause

numerical or behavioral changes in the rat population

(mesopredator release effect), with increased preda-

tion of rats on seabird chicks (Russell et al. 2009). The

elimination of rats prior to cats, on the other hand,

could cause a higher impact over the adult seabirds,

since the feral cats could change their prey preference

(Ringler et al. 2015). In remote areas of the main

island, except a few individuals of boobies (Sula spp.)

and tropicbirds (Phaeton spp.), the alternative prey

animals for feral cats are rodents (Rattus spp. and the

alien Kerodon rupestris). For these reasons, the

integrated management of cats and rats is more

efficient for both species, preventing negative impact

on the insular fauna.

The employment of toxins should be followed by

other eradication methods to remove the remaining

animals in order to promote a proper population

reduction (Campbell et al. 2011). Cage and kill traps

could in theory be used to remove the surviving cats.

However, cage traps are known to be inefficient at

catching feral cats (Campbell et al. 2011) and there-

fore are not recommended. The efficiency of kill traps,

on the other hand, would be influenced by eventual

trapping of the tegu lizard, which has a generalist

feeding habit and would be attracted by the baits.

Moreover, currently, euthanasia of healthy cats is

prohibited in Fernando de Noronha, and for that reason

kill traps could not be used. Leg-hold traps are more

efficient at capturing cats (Campbell et al. 2011), and

the unharmed animals could be exported to mainland,

sterilized or even euthanized.

Disease introduction was used in three eradication

campaigns (Campbell et al. 2011), but in two of them

the cats recovered from the panleukopenia virus and

the population started increasing (Parkes et al. 2014).

Biological control with the introduction of viruses is

highly debated and still not largely recommended.

Although hunting and the use of dogs are recom-

mended to confirm the eradication of cats, hunting is

forbidden in Brazil, excepting feral pigs. This method

should eventually be used in Fernando de Noronha

when the feral population reaches levels that would

turn trapping into an inefficient method.

Considering neutering of domestic cats, the popu-

lation dynamics simulations indicated a low effect of

reproduction control alone on population reduction.

This effect was due to the high cat density and the high

adoption rate of unsupervised cats with incorporation

of these animals to the peri-domiciliary environment.

The high population turnover may be caused by the

high abandonment and death rates observed in the

supervised subpopulation. For that reason, any repro-

duction control effort in the supervised subpopulation

must be implemented along with measures to eradicate

unsupervised cats (Russell et al. 2016). Even steriliz-

ing 100% of the intact supervised females would not

be enough to reduce the population, due to the high

adoption of young intact animals. It is known that trap-

neuter-release programs are not effective in eliminat-

ing feral cat populations (McCarthy et al. 2013), but if

any reproduction control strategy is to be imple-

mented, it should prioritize female spaying using

hysterectomy. The maintenance of the female sexual

behavior would not change the sexual behavior of

local males and their original home-ranges, reducing

the recruitment of immigrant intact males, in contrast

to sterilization actions on males (Almeida et al. 2011).

The current sterilization program focuses on both

males and females, but if it focused only on females, it

would be more efficient in reducing the cat population

density (Dias et al. 2015) and, consequently, the

impact on the local fauna. Still, even if the cats were to

be submitted to sterilization methods, they would still

prey on skinks and birds. The perception of cats

preying on Noronha skink was high, and this is

intriguing since cat owners usually fail to perceive the

real magnitude of cat predation impact and disagree

that their cats are harmful to wildlife (McDonald et al.

2015). Some interview subjects, especially those who

turned their homes into accommodations for tourists,

declared that cats were kept to chase the skinks away

because they assumed that tourists did not like the

lizards. This perception should be further investigated

in the local and tourist populations.

Most of the supervised population is composed of

free-roaming cats. Interview subjects declared that

they were not the owners of all cats present in their

houses but provided ad libitum water and food,

indirectly subsidizing neighboring animals. During

the interviews, most of the subjects spontaneously

asked whether the cats would be killed or removed

from Fernando de Noronha. This behavior should also
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be investigated, since it is not possible to know

whether they were resistant to or supportive of the

implementation of cat control or eradication measures.

Community involvement in any cat population

intervention is essential to its success. Prior to any

intervention (but especially under Scenario B), edu-

cational campaigns should be implemented. After that,

a census and individual identification and registration

of owned cats should be implemented, along with

responsible ownership enforcement, especially move-

ment restriction and sterilization. Under Scenarios C

and D, unidentified cats should be captured and

removed from Fernando de Noronha. Removal of cats

was more cost-effective than reproduction control and

may provide quick and prolonged results regarding

population control (Andersen et al. 2004). Tourists

could also be encouraged to adopt cats in Fernando de

Noronha, since euthanasia of healthy animals is

currently not allowed.

Despite the prohibition of euthanasia of healthy cats

in the State of Pernambuco, to which Fernando de

Noronha district belongs, a control strategy using

lethal methods should be considered by the stakehold-

ers, at least for feral individuals. Especially consider-

ing Scenarios C and D, euthanasia is not only the most

effective cat eradication method but also, if ethically

implemented, the most humane choice for both the

invasive and native species (Russell et al. 2016). Feral

cats are generally unadoptable as pets (McCarthy et al.

2013) and for these animals no destination other than

euthanasia would be feasible. Even though it was not

possible to determine the proportion of feral cats

among the free-roaming population, their number

could be high, especially because feral cats can have

small home ranges (Bengsen et al. 2012). Moreover,

these cats are so far from inhabited areas that they

likely rarely interact with humans and therefore meet

the definition of feral.

Finally, regarding public health issues, felids,

particularly the domestic cat, are definitive hosts of

the zoonotic protozoan Toxoplasma gondii. The

T. gondii genotypes from strains circulating in

Fernando de Noronha are similar to the genotypes

circulating in Europe and North America, which are

different from dominant genotypes found on the Brazil

mainland (Dubey et al. 2010). High prevalence rates of

anti-T. gondii antibodies have been observed in cats on

several islands worldwide, varying from 27.7 to 84.7%

(Dubey et al. 2007, 2009a, b; Banner et al. 2007; Levy

et al. 2008; Millán et al. 2009; Sherry et al. 2011). In

Fernando de Noronha, a high seroprevalence (59.3%)

of anti-T. gondii antibodies has also been found in cats

(Costa et al. 2012). In a study conducted in Grenada,

West Indies, the seroprevalence of T. gondii in

pregnant women (57%) was higher than in cats

(35%) (Ashtana et al. 2006). For that reason, birth

abnormalities and abortions should be investigated in

the human population, since toxoplasmosis is a

neglected non-notifiable disease in Brazil. The

zoonotic risk of this disease would also be greatly

reduced with the reduction of cat density on Fernando

de Noronha.

Conclusions

Cat management interventions in Fernando de Nor-

onha are urgently needed and should include actions

contemporarily implemented over supervised and

unsupervised subpopulations and done concomitantly

with rat control. The involvement of the local com-

munity and tourists, including education and respon-

sible ownership enforcement, is essential to the

success of these measures. The present study showed

that removal of individuals in combination with

female neutering is most cost-effective approach and

should be implemented as the strategy for dealing with

this invasive species. Lethal control should be con-

sidered by the stakeholders due to the lack of other

feasible options, even though euthanasia of healthy

cats is currently forbidden by a State law.
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