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ABSTRACT

Context: Feral cats (Felis catus) are a significant threat to wildlife in Australia and globally. In
Australia, densities of feral cats vary across the continent and also between the mainland and
offshore islands. Densities on small islands may be at least an order of magnitude higher than those
in adjacent mainland areas. To provide cat-free havens for biodiversity, cat-control and eradication
programs are increasingly occurring on Australian offshore islands. However, planning such
eradications is difficult, particularly on large islands where cat densities could vary considerably.

Aims: In the present study, we examined how feral cat densities vary among three habitats on
Kangaroo Island, a large Australian offshore island for which feral cat eradication is planned.

Methods: Densities were compared among the following three broad habitat types: forest, forest—
farmland boundaries and farmland. To detect cats, three remote-camera arrays were deployed in
each habitat type, and density around each array was calculated using a spatially explicit capture—
recapture framework.

Key results: The average feral cat density on Kangaroo Island (0.37 cats km™2) was slightly higher
than that on the Australian mainland. Densities varied from 0.06 to 3.27 cats km™ and were
inconsistent within broad habitat types. Densities were highest on farms that had a high availability
of macropod and sheep carcasses. The relationship between cat density and the proportion of
cleared land in the surrounding area was weak. The total feral cat population of Kangaroo Island was
estimated at 1629 £ 661 (mean t s.e.) individuals.

Conclusions: Cat densities on Kangaroo Island are highly variable and may be locally affected by
factors such as prey and carrion availability.

Implications: For cat eradication to be successful, resources must be sufficient to control at least the
average cat density (0.37 cats km™), with additional effort around areas of high carcass availability
(where cats are likely to be at a higher density) potentially also being required.

INTRODUCTION

Introduced vertebrate predators are one of the top threats to Australian wildlife (Evans et al. 2011)
and are a key cause of biodiversity loss globally (Doherty et al. 2016). Of the ~34 mammal species
that have become extinct in Australia since colonisation, the feral cat (Felis catus) and red fox
(Vulpes vulpes) are listed as the main cause of extinction for ~22 species, and a contributing cause
for many of the others (Woinarski et al. 2014). Cats are continuing to drive biodiversity declines
across Australia (Woinarski et al. 2014, 2017) through predation, competition and disease
transmission (Nishimura et al. 1999; Veitch 2001; Medway 2004; Phillips et al. 2007). As a result, cat-
free islands are viewed as critical biodiversity havens (Burbidge and Morris 2002; Nogales et al.
2004; Commonwealth of Australia 2015). This is especially so given that eradicating feral cats from
islands may provide long-term benefits, assuming adequate biosecurity, whereas comparable
control programs on mainland areas are likely to provide only short-term benefits because of
ongoing immigration from neighbouring areas.



For feral cat control and eradication projects to be successful, an understanding of variation in
density across the target area is critical. Previous reviews have suggested that variation in feral cat
habitat preferences and density can be difficult to predict (Doherty et al. 2014). Studies, in Australia
and elsewhere, have suggested that feral cats may favour habitats with some level of low- to mid-
storey vegetation structural complexity, such as shrublands and woodlands, avoiding mature pine
forests or open grasslands (Horn et al. 2011; Bengsen et al. 2012). Other studies have reported that
cats preferentially use habitat boundaries (Graham et al. 2012), or select for more open habitats,
avoiding dense vegetation (McGregor et al. 2014) and topographically complex areas (Hohnen et al.
2016). Given the range of habitat preferences evident across such studies, site specific information
on cat habitat use and density is required to inform effective cat control and eradication programs
(Dickman et al. 2010; Doherty et al. 2015).

Kangaroo Island is one of five Australian islands currently targeted for feral cat eradication under the
Threatened Species Strategy (Commonwealth of Australia 2015); the eradication program is
supported by the local community, as well as the local, state and federal governments. At 4405 km?2,
Kangaroo Island is Australia’s third largest island after Tasmania and Melville Island. If the
eradication program is successful, it would represent the world’s largest island to have had cats
eradicated (Campbell et al. 2011). The proposed cat eradication is supported for both economic and
environmental reasons. Feral cats are contributing to the high incidence of toxoplasmosis and
sarcosporidiosis in Kangaroo Island livestock, which significantly reduces their market value
(O’Donoghue and Ford 1986; O’Donoghue et al. 1987; Taggart et al. 2019b). Kangaroo Island is also
home to several threatened mammal species, including the southern brown bandicoot (Isoodon
obesulus) and the endemic Kangaroo Island dunnart (Sminthopsis fuliginosus aitkeni), that sit within
the prey weight range of feral cats, and whose populations would be likely to significantly benefit
from the eradication.

Cat eradication commenced on the eastern side of the island (the Dudley Peninsula) in June 2019
(Natural Rescources Kangaroo Island 2015). However, the large size of Kangaroo Island and the lack
of information on variation in cat density across the island make planning and future resource
allocation difficult. An estimate of feral cat density, 0.7 cats km-2, is available for one site (Dudley
Peninsula) on Kangaroo Island, derived by Bengsen et al. (2011), but given environmental and land-
use variability across the island, this may be unrepresentative of other parts of the island. A recent
study found that, compared with the mainland, relative abundance of cats on Kangaroo Island was
10 times higher (Taggart et al. 2019a).

Feral cat density can vary considerably with long-term and recent rainfall, habitat type, land use, and
also between the mainland and islands (McGregor et al. 2015; Legge et al. 2017; Hohnen et al.
2019). Legge et al. (2017) estimated that, across Australia, there are, on average, 0.27 feral cats
km-2. On Australian islands, there is a negative relationship between cat density and island area,
with highest densities (sometimes over an order of magnitude higher than the average mainland
estimates) being found on smaller islands (Legge et al. 2017). This is likely to be driven by the high
availability of food on small islands, such as seabird colonies and shoreline debris, and the absence
of at least some other predators.

Given the long-term goal of eradicating cats from Kangaroo Island, more information is required
about how cat density varies among habitats across the island. Accurate estimates of density in
different habitats could help managers control cats more efficiently, such as, for example, by
indicating the appropriate densities of baits or traps, and to measure cat density reduction as



eradication is undertaken. Here, we assess variation in feral cat density across the three most
prevalent habitat types on Kangaroo Island, and provide the first estimate of total population size.

MATERIALS AND METHODS

Study area

The present study was conducted on Kangaroo Island (4405 km2), South Australia (Fig. 1), in
farmland, conservation reserves (Flinders Chase National Park, Ravine des Casoars Wilderness
Protected Area, Kelly Hill Conservation Park, Simpson’s Conservation Area) and crown land. The
climate on the island is temperate with warm dry summers and cool wet winters and there is a
notable rainfall gradient from the east (500 mm annual rainfall) to the west (700 mm annual rainfall;
Bureau of Meteorology 2019). The vegetation of western Kangaroo Island is dominated by an
overstorey of Kangaroo Island mallee-ash (Eucalyptus remota), brown stringybark (E. baxteri) or
coastal white mallee (E. diversifolia; Ball and Carruthers 1998). In contrast, much of the east of the
island is cleared farmland and much of the on-farm remnant vegetation is dominated by an
overstorey of Kangaroo Island narrow-leaved mallee (Eucalyptus cneorifolia).

Kingscote

Figure 1: The locations of motion-sensor camera arrays (including a 2.18-km-diameter buffer) deployed during
the present study. Blue shading indicates arrays located primarily in forest, yellow indicates those located on

forest—farmland borders, and purple those in farmland. Grey shading indicates forested areas, and white
indicates cleared farmland and, less commonly, natural grassland.



Unlike most of mainland Australia (where the red fox, Vulpes vulpes, is widespread), the feral cat is
the only introduced predator on Kangaroo Island, which also does not have populations of dingoes
or wild dogs. Hence, population size, density and habitat use of cats on Kangaroo Island will be
unaffected by any influence from these potential competitors and predators.

Camera trapping

Between September 2017 and December 2018, we placed nine arrays of between 14 and 44 motion-
sensor cameras across the study area, including three arrays each in the three main landscape types,
namely, forest, farmland and the forest—farmland boundary (see Table 1 for deployment dates). The
camera arrays varied in their design (Table S1, available as Supplementary material to this paper),
but all consisted of two to three parallel transects of cameras (forming a thin rectangular grid),
sometimes being constricted by landscape features such as a narrow coastal isthmus, or farmland
boundary. Parallel transects were used (rather than square grids), because some habitats such as
forest—farmland boundaries, and the farms we used, tended to be long and linear in shape, and a
square grid would not have fitted. Also, a previous study found that parallel transects were a reliable
means of assessing variation in cat density across the landscape (McGregor et al. 2015). Most
cameras were spaced ~700 m apart; however, where the terrain constrained camera placement (e.g.
steep ravine, or a change in habitat type), they were placed slightly closer or further away (0.5—

1 km). The spacing was chosen on the basis of GPS tracking of 33 feral cats on the Dudley Peninsula,
which suggested that cats have an average home range of 3.72 km? (P. Hodgens, unpubl. data). The
diameter of a 3.72-km? circle is 2180 m; therefore, with cameras spaced at an average distance of
700 m, a cat would have access to multiple cameras within its home range. Although the design
differed among arrays, there was unlikely to be any bias or systematic differences in the estimates
derived from these methodological variations. At the time of the study, there had been minimal cat
control around most arrays, apart from the array on the Dudley Peninsula isthmus. At this array, 12
feral cats were culled while camera deployment was taking place (P. Hodgens, unpubl. data).

Table 1: Number of cats identified on each array during the period of camera deployment

Array Transect Cat passes Identifiable cat passes Number of individuals Trap-nights Year Time period
Border 1 1 41 31 7 900 2017 Oct.—Dec.
Border 2 2 50 36 10 900 2017 Oct.—Dec.
Border 3* 3 23 17 7 720 2017 Oct.—Dec.
Forest 1 1 127 95 11 1246 2017 Dec.—Feb.
Forest 2 2 92 76 18 2314 2017 Dec.—Feb.
Forest 3 3 29 24 7 1168 2018/19 Nov-Jan.
Famn 1 1 70 51 12 1612 2018 Sep—Nov.
Fam 2 2 148 117 26 2304 2017 Dec.—Feb.
Fam 3 3 149 105 30 2196 2018/19 Dec.—Feb.

ADensity was not calculated for one border array because of insufficient recaptures of individuals on multiple cameras.

We used Reconyx” (Holmen, WI, USA) Hyperfire HC600 or PC800 cameras with infrared flash and a
shutter speed of 0.2 s. Cameras were programmed to take three images per trigger, 1 s apart, with
there being no minimum time delay between triggers. Unbaited cameras were attached to trees or
stakes 30—40 cm from the ground and all obstructions within 1.5 m of the front of the camera were
removed. Cameras were placed in open areas or along animal trackways, because tracking of cats
elsewhere in Australia has indicated that although cats do not show strong preferences for tracks,
they will move along them for short distances if they are encountered (McGregor et al. 2015).
Cameras were deployed for 6—-12 weeks.

Each pass of a cat in front of a camera was examined and the pelage markings, particularly on the
lower legs and tail, were noted. Individual identification of cats on the basis of these pelage
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markings was performed using the methods outlined in McGregor et al. (2015), where markings of
each animal are used to identify individuals on subsequent passes. Once all cats from an array had
been identified, the set of photos was re-examined twice for any inconsistencies in identification.
The images of cats were then re-examined by volunteers, using the same methods, and the
identification of individuals compared between the two processes. Some cats were unidentifiable
from the camera images either because they had no unique pelage or body markings (such as black
cats) and these were included in the models as ‘unmarked’ individuals. Other images could not be
identified to individual cats because the cats in the image were orientated towards the camera at an
angle where critical identifying features such as the shoulder and rump were not visible. These
individuals were included in the models as ‘uncertain’.

Statistical analyses

The cat-encounter history was divided across each 6—-12-week period into nights, and cats were
recorded if present at a given detector on a given night. Density was estimated using a spatially
explicit mark-resight approach in the package ‘secr’ ver. 3.2.1 in the program R (Efford 2019). This
approach requires the estimation of a buffer, which is the maximum distance from the home-range
centre of a given animal, where the probability of detection approaches zero. We chose a buffer of
2180 m, which is the diameter of a circle with an area of 3.72 km?, which is the average home range
of feral cats on eastern Kangaroo Island on the basis of a study of 33 cats (P. Hodgens, unpubl. data).
Three arrays (Border arrays 1 and 2, and Farm array 1) appeared to have cats with large home
ranges and, therefore, required a larger buffer size (Fig. S1, available as Supplementary Material to
this paper). For these arrays, we used the buffer width produced by the ‘suggest.buffer’ function in
the ‘secr’ package. In all models, we used the half-normal detection function (HN). We then created
a set of models with variables that influence the estimated probability of detecting an individual at
the centre of its activity range (g0), including the following: ‘b’, a learned response to cameras; ‘t’,
variation in detection with time; and ‘v1’, variation in detection between cameras on roads and
those on trackways. We also modelled a set of variables that might affect sigma (the shoulder of the
detection function), including the following: ‘t’, variation in home range though time; and ‘h2’,
variation in home-range size among individuals. All models were compared using Akaike information
criterion (AIC) scores; the model with the lowest AIC value was used to predict cat density.

We evaluated the correlation between cat density and the proportion of the surrounding area that
was either cleared or naturally open (i.e. farmland and unfarmed grassland). This was calculated
over a buffered distance of 2180 m surrounding each array (Fig. 1). We then modelled the
relationship between cat density and the proportion of farmland in the surrounding area by using
simple linear regression. Farmland is defined here as open grassland, including areas such as
roadside verges that have been cleared but are not actively farmed.

RESULTS

Individual cats were detected at a minimum of one and a maximum of eight cameras, and, on
average, were detected on 2.3 cameras. The mean distance between detection locations averaged
across all arrays was 956 m (Table S1). In total, there were 706 cat passes, and 121 individuals were
identifiable on 535 of those occasions, from a total of 12 640 camera trap-nights (Table 1). Almost all
unidentifiable cat photos were due to poor image quality, such as when the animal was moving
quickly, so that the image was blurred. These passes were classified and included in the models as
‘uncertain’ (Table S1). Only one site included individuals that were classified as ‘unmarked’ where no
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distinct pelage markings were visible (Table S1). Eight of the nine camera arrays deployed across
Kangaroo Island had sufficient recaptures of feral cats to compute density estimates (three in forest,
three in farmland, and two on the forest—farmland border); Array 3 in the farmland—forest border
habitat had insufficient recaptures to derive a density estimate.

Density estimates across the eight arrays varied between 0.06 and 3.27 cats km™ (Table 2). For two
arrays (Farm 1 and Border 2), the best-fitting model included the g0 variable ‘V1’, which describes a
change in detection probability between cameras placed on roads and those placed on trackways
(Tables 2, S2). For three other arrays (Forest 1, Forest 2 and Farm 2), the best-fitting model included
the sigma variable ‘H2’, which describes variation in home-range size among individuals. For the final
farmland array (Farm 3), the best-fitting model included the sigma variable ‘T’, which describes
change in home range through time.

Table 2: Density estimates for all arrays deployed on Kangaroo Island between September 2017 and
December 2018 in farmland, forest and on forest—farmland borders

Variables that influence the estimated probability of detecting an individual at the centre of its activity range
(g0) include: ‘b’, a learned response to cameras; ‘t’, variation in detection with time; ‘1’, variation in detection
between cameras on roads and those on trackways; and ‘n’ when g0 is held constant (~1). Variables that
influence sigma include: ‘t’, variation in home range though time; ‘h2’, variation in home-range size among
individuals; and ‘n’ when sigma is held constant (~1)

Array %o Transect  Year Time Cats  Density Lower Upper g0 gOvalue se. Sigma Sigma s.e.
farmnland period per km?® s.e. confidence confidence value
interval interval

Border 1 37 1 2017 Oct.—Dec. 0.06 003 0.02 0.17 n 0.05 0.02 n 1548.39 338.61
Border 2 34 2 2017 Oct.—Dec. 0.27 0.10 0.13 0.56 vl 0.05 0.01 n 845.88 129.76
Forest 1 0 1 2017 Dec—Feb. 030 0.11 0.15 0.59 n 0.02 0.00 h2 558.66  B2.63
Forest 2 0 2 2017 Dec—Feb.  0.87 036 0.40 1.91 n 0.01 0.00 h2 366.33  B8.51
Forest 3 16 3 2018/19 Nov.—Jan. 0.53 022 0.24 1.15 n 0.05 0.02 n 328.87 5498
Fam 1 78 1 2018 Sep—Nov. 0.19 0.06 0.10 0.35 vl 0.02 0.01 n 1442.81 139.80
Fam 2 50 2 2017 Dec—Feb.  0.59 0.15 0.36 0.96 n 0.01 0.00 h2 480.78  59.45
Fam 3 68 3 2018/19 Dec.—Feb. 3.27 0.13 3.02 3.54 n 009  0.02 t 23745 1497

Three density estimates were problematic for various reasons. There was an estimated 3.27 cats
km™ at the third farmland array (Farm 3) on the Dudley Peninsula, being four times higher than the
island average. During camera deployment, a farm carcass dump was present on the property, and
culling of kangaroos took place on the boundary, with both factors potentially increasing carrion
availability and, therefore, cat density. The farmland array on the Dudley Peninsula isthmus
displayed a density of 0.59 cats km™%; however, 2 weeks before camera deployment, 12 feral cats
were removed from the area (P. Hodgens, unpubl. data). Therefore, potentially, this density
estimate represents a post-control level that is atypically low. The final problematic array was the
third array on the forest—farmland border (Border 3). Although seven cats were detected on this
array, four of those individuals were detected only on a single camera, which meant that there were
insufficient recaptures to produce a density estimate.

When considering all eight arrays (including the three problematic arrays), the average density
(mean * s.e.) of feral cats was 0.76 cats km™+ 0.15. There was a positive relationship between the
density of cats and the amount of farmland in the buffered area surrounding each camera
(R*=0.21), but the relationship was not significant (F=1.61, d.f. =6, P =0.25); however, this value is
strongly influenced by the high density estimate from the third farmland array. Excluding the three
problematic arrays, the average density (mean + s.e.) of cats on Kangaroo Island was 0.37 £ 0.15 cats
km™ and there was a weak negative relationship between the density of cats and the percentage
farmland (R? = 0.35), but this relationship was also not significant (F=2.18, d.f. =4, P=0.21).
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Estimates of detection probability (g0) did not vary considerably among the arrays (Table 2).
Detection probability was highest for the third farmland array (0.09), but values for all other arrays
were between 0.09 and 0.01. Because there was no association between habitat type and density,
the total number of cats on Kangaroo Island was estimated by multiplying the island area by the
predicted average density of feral cats (excluding erroneous estimates). The total number of feral
cats on Kangaroo Island (using an average density estimate of 0.37 cats km™2) was predicted to be
1629+ 661 (mean ts.e.).

DISCUSSION

Feral cat densities on Kangaroo Island varied at least three-fold among sites, and not consistently
among habitat types. We found that densities could vary considerably within all sampled habitats,
suggesting that factors other than broad habitat type may influence cat density. These results also
suggest that using estimates from only one or two arrays to generalise and direct cat-management
effort could lead to an under- or over-allocation of effort in some areas. Like on other Australian
offshore islands, the average density of cats on Kangaroo Island (0.37 cats km™ excluding
problematic arrays) was higher than the average density of cats on the mainland (0.27 cats km™),
but broadly similar to what was predicted for the adjacent mainland (0.25-0.4 cats km™; Legge et
al. 2017).

A weak negative relationship was detected between the percentage of farmland in the study area
and cat density, when the density estimates from arrays in unusual circumstances were excluded.
Overall, this suggests that factors other than habitat type may influence cat density across Kangaroo
Island. Elsewhere in Australia, feral cat densities vary with some landscape features, but not with
others. In north-western Australia, cat densities did not vary considerably with the extent of
livestock grazing (McGregor et al. 2015), but feral cat site occupancy did vary with topographic
complexity (Hohnen et al. 2016). Potentially, feral cat densities reflect multiple factors, including
prey density and accessibility, cat control, management regimes and intensity, and possibly
competition with other predators (Legge et al. 2017).

In Australia, there is a relationship between island size and cat density, in that smaller islands tend to
have the higher cat densities (e.g. Great Dog Island 0.35 km?, density = 57 cats km™; Hayde 1992),
and larger islands have lower densities (e.g. French Island 173 km?, density = 0.75 cats km™2; McTier
2000). This is thought to be driven largely by the high density of prey species (such as seabirds) that
small islands often support (Legge et al. 2017). The data described here for Kangaroo Island fit with
this general trend (Fig. 2), where the island has higher than average mainland densities, but lower
densities than smaller islands. A recent study found that the relative abundance of cats on Kangaroo
Island was 10 times higher than that on the adjacent mainland (Taggart et al. 2019a). Relative
abundance (based on an occupancy framework) has a strong positive relationship with density in
some situations (Linden et al. 2017), but is misleading in others (Carbone et al. 2002; Jennelle et

al. 2002; Sollmann et al. 2013). Therefore, although it is likely that density of feral cats on the
adjacent mainland is extremely low, deployment of a camera array appropriate for density analysis is
required to clarify this discrepancy.
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Figure 2: This figure is adapted from Legge et al. (2017) and shows the relationship between island size and
density of cats for Australian offshore islands (hollow circles). The values from the current study for Kangaroo
Island of 0.76 cats km™ (including all arrays) is indicated with the black square and 0.37 cats km (including
just a subset of the arrays) is indicated with a grey triangle.

During the current study, 12 feral cats were removed from the farmland array on the isthmus of
Dudley Peninsula while camera deployment was taking place (P. Hodgens, unpubl. data). Our
estimate for this site of 0.59 cats km™ was slightly higher than a previous post-control estimate.
Prior to that previous episode of cat control, Bengsen et al. (2011) estimated a density of 0.7 cats
km2in the area. Therefore, potentially, the density estimate calculated during the present study
represents a post-control level that is slightly lower than what has been naturally maintained in the
past. This site is also unusual because it is situated on a narrow isthmus connecting the eastern and
western portions of the island. Compared with density estimates from other parts of the island, the
estimate of cats on the Dudley Peninsula was reasonably high. The isthmus may act as a land bridge
between the eastern and western sides of the island, and, therefore, as a bottleneck for cats that are
moving between those areas, potentially maintaining higher densities than in other parts of the
island.

A much higher density was estimated in nearby farmland on the Dudley Peninsula (3.27 cats km™2);
this was over four times the island-wide average. Many of the cats detected on this array were
detected on cameras close to a carcass dump also on the southern boundary of the property. During
camera deployment at this site, some culling of kangaroos took place on a nearby boundary, with
carcasses left on the ground, potentially also attracting cats. Rubbish dumps and areas of unnaturally
high food availability are known to boost cat densities (Denny 2005). At small sites with unnaturally
high food supply (such as rubbish dumps, or farm carcass sites), cats can transition from solitary
behaviour to forming colonies (MacDonald et al. 1987; Short et al. 2013). Cats in the colony form a
matriarchal social hierarchy and have smaller home ranges (centred around the food source) than
do their solitary counterparts (Rees 1981). Because of the high densities of cats at rubbish or carcass
dumps, the distribution of these sites across the landscape would need to be taken into account
when allocating cat control effort, and they may be critical sites to serve as a particular focus for

such efforts.
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For two arrays (one on farmland and one on the forest—farmland border), the best-fitting model
included the g0 variable that described a change in detection probability between cameras placed
on roads and those on trackways. Previous studies have also shown that cats can preferentially use
linear features such as roads, vegetation edges or creek lines (Gehring and Swihart 2003; Graham et
al. 2012; Doherty et al. 2014). However, in the present study, strong variation in detectability
between cameras on and off roads was not consistent within habitat types (such as forest—farmland
borders). For three other arrays (two in forest and one in farmland), the best-fitting model included
the variable that described variation in home-range size among individuals. Male cats often exhibit
larger home ranges than do females, particularly during the breeding season (Bir6 et

al. 2004; McGregor et al. 2015; Bengsen et al. 2016). Selection for these variables illustrates that
multiple factors, including camera placement and home-range size, can strongly influence density
estimates and are important variables to consider during analysis.

Overall, feral cat densities appear to vary considerably across Kangaroo Island and inconsistently
among the main habitat types of the island. Cat densities varied between slightly lower than average
mainland estimates to 10 times as high, indicating that approaches to cat control on Kangaroo Island
should be flexible. For example, extra control effort around rubbish dumps and areas of high carcass
availability (where cats are likely to be at locally high density), coupled with allocating resources
sufficient to control at least the average cat density (0.37 cats km™) in other areas, could be
appropriate. The total estimated number of 1629 feral cats on Kangaroo Island provides some
indication of the magnitude of the eradication challenge, but, of course, given the time taken to
control cats and their high reproductive potential, many more than this will need to be removed
before eradication is achieved.
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