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Alien mammalian carnivores have contributed disproportionately to global
loss of biodiversity. In Australia, predation by the feral cat and red fox is one
of the most significant causes of the decline of native vertebrates. To discover
why cats have greater impacts on prey than native predators, we compared
the ecology of the feral cat to a marsupial counterpart, the spotted-tailed
quoll. Individual prey are 20-200 times more likely to encounter feral cats,
because of the combined effects of cats’” higher population densities, greater
intensity of home-range use and broader habitat preferences. These charac-
teristics also mean that the costs to the prey of adopting anti-predator
behaviours against feral cats are likely to be much higher than adopting
such behaviours in response to spotted-tailed quolls, due to the reliability
and ubiquity of feral cat cues. These results help explain the devastating
impacts of cats on wildlife in Australia and other parts of the world.

1. Introduction

Alien mammalian carnivores have contributed disproportionately to global
biodiversity loss. Collectively, 30 species of alien mammalian predators have
contributed to 58% of all vertebrate extinctions [1]. The scale of this impact is
often attributed to naivete of prey towards novel predators, such that preda-
tor—prey encounters are more likely to result in death or increased costs to
prey [2—-4]. However, prey naivete frameworks (e.g. [4]) rarely incorporate the
ecology and behaviour of alien predators, despite evidence that these affect
the rate and outcomes of predator-prey interactions [5-7].

Figure 1 presents a framework to evaluate the mechanisms underpinning
differences in the impact of novel versus familiar predators. In addition to
classes of the prey response [3,4], it incorporates elements of predator ecology
(following Sih et al. [8]), synthesizing existing frameworks into a format that
can readily be applied to empirical data to make or test predictions. It breaks
the predator—prey interaction into its three stages [9]: encounter, detection/rec-
ognition and response (figure 1, stages A:C). The encounter rate between
predators and prey is largely predicted by their spatio-temporal overlap [8],
noting that an encounter may be a direct interaction where predator and prey
are physically within detection distance of each other [9], or an indirect inter-
action whereby prey detect cues (visual, auditory or olfactory) which suggest
that a predator may be nearby [9]. The translation of the encounter rate to
predation impact is influenced by prey behaviour in the detection/recognition
and response stages (figure 1, stages B and C). In these stages, effective anti-
predator behaviours such as avoidance or vigilance may reduce the risk of
death, minimizing the consumptive effects (CEs) of the predator [10]. Prey
naivete theory predicts the relative strength of CEs conferred by novel versus
familiar predators under all scenarios of prey response [8] (figure 1, stage D).
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Figure 1. Conceptual framework for assessing relative predation impact of native versus introduced predators on shared native prey species. Predation impact
depends on the rate of encounter between predator and prey (A), and the costs associated with each encounter (D). For our case study, rather than estimate
the impact of each predator on a focal prey species, we predict the relative impact of cats versus quolls on all shared prey. These predictions are based on theoretical
classes of prey response (scenarios 1: 6, derived from prey naivete theory [2,3]) during the stages of a predator—prey encounter (stages A : , [8,9]), to estimate the

relative strengths of both consumptive and non-consumptive effects (D, [5,6]).

Anti-predator behaviours impose fitness costs, however,
known as non-consumptive effects (NCEs) which are often
equivalent to or outweigh CEs [10]. Whereas CEs only
occur during the physical encounter with the predator,
NCEs are also incurred by responding to cues which are
spatially and temporally separated from the predator (e.g.
scent and vocalizations) [6]. The magnitude of NCEs incurred
in each encounter will be determined by the nature of prey
response. The relative strength of NCEs conferred by differ-
ent predators can, however, be theoretically predicted based
on the hunting mode and habitat domain of the predator.

Hunting mode (usually categorized as ‘active hunting’,
‘sit-and-pursue’ or ‘sit-and-wait’) determines the degree of
association between the predator and cues to its presence,
and therefore how reliably these cues indicate encounter
risk [5,6,11]. This in turn should influence how likely prey
are to employ anti-predator responses and incur NCEs [11].
Habitat domain refers to the subset of available habitat
used by an organism, incorporating both habitat preferences
and movement range [5]. Costly, chronic avoidance responses

by prey such as shifts to non-preferred foraging habitat and
times are more effective against narrow-domain predators
(those with strong habitat preferences, and/or limited and
predictable movement) due to the availability of times or
habitats with a lower risk of predator encounter. The nar-
rower domain breadth of predators is, therefore, predicted
to result in higher NCEs on prey [5].

In this manuscript, we apply the framework in figure 1 toa
study system with an alien predator, the feral cat (Felis catus,
hereafter cat) and an analogous native marsupial predator,
the spotted-tailed quoll (Dasyurus maculatus, hereafter quoll).
Feral cats are implicated in 26% of bird, mammal and reptile
extinctions worldwide, and are a leading cause of decline
and extinction of native vertebrate fauna in Australia [12,13].
This is despite the broad similarity between their predatory
behaviour and that of quolls, which coexist with many species
of prey that are threatened by cats. This similarity is illustrated
by high dietary overlap [14] and similar (ambush) hunting
mode [15] of the two species, as well as similar body size.
While there is evidence that Australian prey recognize and
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respond to cats as a threat [16], the devastating impacts of
cats in Australia suggest that cat behaviour is sufficiently
distinct from native predators that native prey responses are
inappropriate or insufficient.

Here, we use fine-scale GPS telemetry to compare the
behaviour of cats and quolls. We quantify the risk to the
prey of encountering each predator across the landscape,
combining population densities with revisitation frequency
and habitat selection ratios derived from telemetry data.
This information is then mapped onto scenarios of prey nai-
vete (figure 1, scenarios 1 : 6 [2]), to predict direct and indirect
costs to prey from each encounter and thus the relative
predation impact of cats and quolls on shared prey species.

2. Methods
(a) GPS tracking

Trapping and GPS collaring were undertaken at four sites in
the Tasmanian Midlands agricultural region (figure 2, electronic
supplementary material, table S1.1) between September 2015
and June 2017. Traps (30 cm wire-cage traps (Mascot Wireworks,
Sydney) and 30 cm diameter PVC Tasmanian devil traps) were
deployed for 5-10 nights per session. Trapped animals were trans-
ferred into canvas handling sacks, weighed, measured,
microchipped and sexed. Cats (not quolls) were sedated using
0.15ml kg_1 medetomidine (Domitor, Pfizer), injected intramus-
cularly. Sedation was reversed following handling using
0.075 ml kg™ of atipamezole hydrochloride (Antisedan, Pfizer),
also intramuscularly.

VHF + GPS collars were fitted only to adult animals to
avoid poor collar fit due to rapid growth. Collars recorded
locations every 5 or 15 min (electronic supplementary material,
table S1.2) and featured a drop-off mechanism in case animals
were not recaptured [17]. Animals were monitored regularly
using the VHF beacon and re-trapped for collar removal after
approximately one month.

Fifty-seven cats and 36 quolls were captured and 34 and 14
were fitted with GPS collars, respectively (electronic supplemen-
tary material, table 51.3). Data from 25 cats and 10 quolls were
used in all analyses except revisitation frequency calculations,
for which data from two cat and two quoll collars with less
than two weeks data were discarded (electronic supplementary
material, table S1.2). Data obtained were filtered and home
range estimates calculated as described in [18] and electronic
supplementary material, appendix S1.

(b) Risk of encounter

We estimated the risk of encountering each predator across the
landscape (figure 1a) based on population densities, habitat
preferences and revisitation frequency. Our calculation method
differs from traditional approaches based on the ideal gas
equation, which treat animals as randomly moving particles
such that the encounter rate is directly proportional to their den-
sity and velocity ([19] and references within). Species-specific
characteristics such as home-range extent, range of movement
speeds and directionality of movement have considerable effects
on encounter rates, which are not accounted for when animal
movement is treated as random [19]. We, therefore, used empiri-
cal data derived from the GPS collars to directly estimate the rate
at which animals were encountered in the landscape.

We divided the landscape into 30 m resolution raster cells,
which were each classified into one of 14 habitat categories (elec-
tronic supplementary material, appendix S1). Recognizing that
many prey species respond to habitat features at a finer spatial
scale than these predators, we undertook analyses at the finest

study locations
e A — Campbell Town
® B -Ross
® C - Oatlands
® D - Cressy

[ Midlands region
Datum: GDA9%4 Zone 55

0 50 100 km

Figure 2. Study locations. Site coordinates: A (—41.8807, 147.5177),

B (—41.9788, 147.4678), ( (—42.2946,
147.169138). (Online version in colour.)

147.4382), D (—41.8447,

resolution possible, within the constraints of available broad-
scale habitat data and the error implicit in the telemetry data
(electronic supplementary material, appendix S1). From the
telemetry data, we calculated the average number of times each
animal was ‘encountered’” in each raster cell within its home
range per tracking night (revisitation frequency). We multiplied
the revisitation frequency estimates by habitat selection ratios
(to account for population-level habitat preferences) and the aver-
age density of each species to determine the risk of encountering
each species within each habitat type in the landscape. Finally,
we divided the risk of encountering a cat by that of encountering
a quoll to determine the relative risk of an encounter.

(i) Population density

Population densities at each tracking site have been previously
derived using spatially explicit capture-mark-recapture analyses
(electronic supplementary material, table 51.2, [18]). These were
converted from animals km™ to animals cell™" by multiplying
by 0.0009.

(i) Habitat preference

Habitat selection ratios identify preferences or avoidances by com-
paring the proportion of time spent within each habitat type to its
availability in the landscape. We calculated habitat selection ratios
for each animal, then aggregated these to give population-level
estimates for each species [20]. Habitat use was estimated as
the proportion of GPS fixes within each habitat category, and
available habitat was delineated using a circular polygon with
radius equal to the animal’s maximum recorded displacement
from the home range centroid (design III analysis: habitat use
and availability estimated per individual [20]). The derivation of
habitat categories is described in electronic supplementary
material, appendix S1. All calculations were performed using
the adehabitatHS package [21] in the R statistical environment.

(iii) Revisitation

Revisitation frequency was calculated as the number of visits (NV)
made per night by an animal to each 30 m raster cell within its
home range. We derived revisitation distributions for each individ-
ual following Benhamou & Riotte-Lambert [22]. Revisitation was
defined as a discrete visit separated by at least 2 h of activity
more than 200 m away. Distributions were derived using the
BRB/MKDE standalone software [23], snapping each distribution
to the 30 m resolution habitat raster. The interpolated movement
path was used to extract the NV for each raster cell, which was
then averaged across the 95% kernel home range and standardized
by number of tracking nights. Linear models were used to compare
revisitation frequency between species, sexes and breeding states
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Figure 3. Relative risk of encountering feral cats and spotted-tailed quolls in different habitat types across the Tasmanian Midlands landscape. (Online version in

colour.)

(electronic supplementary material, table 51.3). Species-level revisi-
tation frequency was averaged across males and non-lactating
females only, as lactating females showed reduced foraging
movements and increased revisitation to dependent young.

(iv) Diel activity and behavioural state

We also considered the diel activity patterns and behavioural
state of both species, as factors that would influence the rate
and outcome of predator-prey encounters (available in electronic
supplementary material, appendix S1). These results were not
included in encounter rate calculations due to the similarity of
each species’ activity profile, difficulty of distinguishing between
feral cat movement states, and because neither factor would
influence the rate of indirect encounters (such as encounters
with olfactory cues). These analyses may, however, be relevant
in other systems or for comparisons with focal prey species.

(c) Cost per encounter

Six scenarios of prey response during the recognition (B) and
response (C) phases of the encounter are identified based on
prey naivete theory (figure 1, scenarios 1: 6, [4]). For prey in each
scenario, we predict the relative costs (CEs and NCEs), when
encountering novel (cats) versus familiar (quolls) predators (D1 :
6). Relative CEs in all scenarios and NCEs in scenarios D1 and
D4 are directly predicted by the level of naivete displayed. Relative
NCE:s for scenarios D2,3,5,6 are inferred by comparing the hunting
mode and domain breadth of the predators. Rather than use quali-
tative descriptions of hunting mode which would not distinguish
between cats and quolls, we use revisitation frequency calculations
as a quantitative indication of cue reliability (i.e. higher revisitation
denotes a tighter association between predators and cues).

3. Results

(a) Risk of encounter

Across the Midlands landscape, the risk of encountering a
cat was always at least 20 times higher than the risk of
encountering a quoll (figure 3). On average, the probability
of a cat being present within each 30 m raster cell on any
one night was 0.09+0.03, compared to 0.004 +0.002 for
quolls (electronic supplementary material, figure S1.4).

(b) Population density and revisitation frequency

Cats had consistently higher population densities than quolls
in the Midlands (averaging approximately 9 cats km ™2 versus
0.4 quolls ha™', electronic supplementary material, table

S1.2). Cats also revisited areas within their home ranges
almost twice as frequently as quolls (cats 8.0+0.6 visits
month™! cell™}, versus quolls 3.5+ 0.3 visits month™! cell ™},
electronic supplementary material, figure S1.1).

(c) Habitat preferences

Individual cats showed strong but variable habitat preferences,
such that habitat selection at the population level was weaker
than for quolls (electronic supplementary material, figure S1.2).
Both species avoided open pasture (average selection ratio
0.4 = 0.05 for cats and 0.1 + 0.07 for quolls). Cats also showed con-
sistent positive selection for woodland edge habitats (electronic
supplementary material, figure S1.2). Quolls used all woodland
habitats, including edges, at least in proportion to their avail-
ability; and preference strength increased with vegetation
density. They also avoided urban and open areas of all types
(electronic supplementary material, figure S1.2).

4. Discussion

We found that the likelihood of prey encountering an intro-
duced feral cat is much greater than encountering a native
spotted-tailed quoll in this highly modified agricultural land-
scape. This is in part due to higher population densities, but
also to greater revisitation frequency and broader habitat prefer-
ences of cats. These latter characteristics are likely to increase the
overall costs of anti-predator behaviours incurred by prey. The
absolute rate of encounter, cost per encounter and therefore
magnitude of predation impact from both predators will vary
among prey species, driven by prey-specific differences in habi-
tat use and anti-predator behaviours. Our results demonstrate,
however, that in our study landscape there are no habitats in
which prey are less likely to encounter a cat than a quoll
(figure 3). In addition, the costs per cat encounter are predicted
to be equivalent or higher than for quoll encounters under all
scenarios of prey response. Therefore, the ecological and behav-
ioural differences between the predators are predicted to result
inimpacts of cats being several orders of magnitude higher than
those of their native counterpart for all shared prey species.

(a) Risk of encounter

While the absolute rate of encounter will vary according to
the habitat preferences and behaviour of prey species,
native prey are between approximately 20-200 times more
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likely to encounter a cat than a quoll in all habitats across our
study area (figure 3). A large proportion of this difference is
due to differences in density. Average densities of cats in the
Midlands (0.9 cats km™ [18]) are higher than the national
average of 0.27 cats km™ [24]. Although differences in
encounter rates between cats and quolls may, therefore, be
exaggerated compared to other regions, the large, exclusive
home ranges of female quolls [25] mean that this species is
never present in high densities, and estimates from this
study (0.4 quolls km™2, [18]) are equivalent to the highest
previously recorded densities (0.3 quolls km ™, [25]).

Differences in movement behaviour suggest that encoun-
ter rates of prey with cats would be higher regardless of
relative densities. Despite each species travelling an equival-
ent distance per night [18], cats had consistently smaller
home ranges and revisited areas within their home ranges
more than twice as frequently as quolls. Cat activity, and
therefore encounter probability, was also more consistent
across habitats. Interestingly, although habitat selection at
the population level was weak, individual cats show strong
habitat selection. These individual preferences are in keeping
with observations of specialization by individual cats, which
have led to calls for predator profiling to remove ‘problem’
cats which have learnt to specialize on endangered or focal
prey species [26].

(b) Cost per encounter
Once a predator is encountered, the cost to prey will depend
on species-specific detection/recognition and anti-predator
responses, as outlined in figure 1. Under levels 1-3 of prey
naivete (figure 1, scenarios C1:C3), the likelihood of prey
mortality is higher when encountering alien feral cats rather
than native quolls due to absent, inappropriate or ineffective
responses. Level I naivete (C1) is decreasingly likely in con-
temporary Australian ecosystems given the 150+ years of
shared evolutionary history [2], but may have contributed
to rapid species declines immediately following cat arrival.
There is more contemporary evidence for second and third-
level naivete, including a recent meta-analysis showing that
native prey species studied to date exhibit a non-zero
response to feral cat presence [16]. Interestingly, approxi-
mately half the prey species studied actually decreased their
anti-predator responses in the presence of cats, possibly
resulting from infection with the Toxoplasma gondii parasite
which can increase risk-taking behaviour and attraction to
cat odour [16]. This specific scenario is not explicitly reflected
by the figure 1 framework, which assumes that inappropriate
responses will still impose NCEs on prey. In this case study,
overall cat impacts on prey in this scenario are still likely to
be higher given much higher encounter rates and CEs.
Under scenarios C4 or C5, prey respond effectively to
cats, and CEs are predicted to be equivalent for encounters
with both predators. To our knowledge, there are no pub-
lished examples of scenario C4, where prey deploy effective
but excessive responses, but such responses are possible.
We have discounted the possibility of cats showing naivete
toward prey and therefore not recognizing prey or conferring
lower CEs than quolls (scenario C6, [8]). We have based this
on the overlap in diet between the two carnivores, the ten-
dency of cats to kill even non-palatable prey [27], and
evidence of the devastating predation impact of feral cats
on a wide range of prey types [12].

Anti-predator responses, whether effective or not, incur “

costs and are, therefore, more likely to be deployed with
increasing cue reliability [5,6,11]. NCEs are, therefore, a pro-
duct of the likelihood of such responses being employed,
and the costs of the response used. Under scenarios C2,3
and 5, prey should be equally likely to respond to immediate
and reliable cues (e.g. sight, sound) from both predators. Our
results suggest, however, that indirect (e.g. scent) cues from
cats are a more reliable indication of predation risk and are
more likely to elicit a response than indirect quoll cues.
Firstly, because cats revisit areas within their home range
almost twice as often as quolls, prey are more likely to
encounter fresh cat cues. Cue age can dramatically influence
response: for example, bush rats (Rattus fuscipes) give up fora-
ging significantly earlier in response to fresh dog scent, but
show no such response to 1-day old scent [28]. Secondly,
higher revisitation rates implies that cats are more likely to
return within a shorter time frame [11]. This distinction
would be better represented by considering the length and
predictability of revisitation intervals, but in our case study,
the tracking period was too short compared to the number
of revisits for such an analysis.

The cost of anti-predator responses will depend on the
type of response shown. Predators with narrow habitat
domains should theoretically invoke costlier chronic
responses in prey, such as shifts in habitat or activity times
to avoid encounters [6]. Refuge times and habitats are less
available when predators have broad domains, meaning
that prey are more likely to employ defences only when
under immediate risk [6]. In our case study, cats have slightly
broader habitat preferences than quolls. These differences are
subtle, however, and open habitats such as pasture avoided
by quolls would offer little shelter or foraging opportunity
for prey. In addition, meta-analyses suggest that the breadth
of habitat domain is at best only weakly indicative of overall
NCE strength [5,6]. We predict, therefore, that prey are likely
to invoke anti-predator responses more frequently in
response to cat cues, and that the costs of these responses
are likely to be similar, such that overall NCEs on prey will
be higher during cat encounters under scenarios C3:C5.
We are currently unable to test these predictions, and further
work is needed to test their generality. Only two studies to
date directly compare native prey responses to cat and
quoll cues in areas where quolls occur naturally. Prey either
showed no response to cats (level 1 naivete, [29]) or increased
attraction and risk-taking behaviour in response to cat scents,
possibly as a result of T. gondii infection [30].

(c) Implications

Using the framework shown in figure 1, we are able to con-
clude that the overall predation impact of feral cats on
shared native prey in Australia is likely to be higher than
their closest native archetype under all prey response scen-
arios. These results paint a pessimistic picture for the
persistence of native prey in the presence of feral cats. Given
the difficulties associated with broad-scale, long-term cat con-
trol [12], manipulating habitat structure may be the most
effective method of managing cat impacts. Although cats are
still likely to be encountered in complex habitats, there is
mounting evidence that their hunting success is inversely
related to the complexity of understorey structure [27,31-34].
There is also a large body of work demonstrating that
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anti-predator behaviours are less costly in proximity to refuge
habitats (e.g. [9,35]). Maintaining and restoring understorey
complexity to provide fine-scale refuges
may, therefore, be an effective means of promoting native
prey persistence, particularly within modified landscapes.
These results go some way to explaining the dispropor-
tionate impacts of feral cats on a broad range of native
Australian prey. More broadly, this study demonstrates the
value of integrating detailed knowledge of the spatial and
temporal activity patterns of alien and native predators for
comparing and predicting relative impact across all shared
prey. The next steps will be to experimentally confirm these
predictions for prey with different levels of naivete.
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