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Roaming domestic cats (Felis catus) are recognised as a threat to wildlife globally.
Yet management of pet cats in urbanised areas is not regularly mandated, and
management of feral cats in urbanised areas is rarely implemented. Mounting
evidence emphasises the value of urban environments as hot spots of wildlife
activity, which as the human population continues to grow may become the best
or only habitats available to some wildlife species. Wildlife in urban environments
must navigate introduced stressors that can compound with natural stressors.
Additional, often novel, predators such as free-roaming pet and feral cats that
are prevalent in urban environments could have high nonconsumptive fear/
stress impacts on urban wildlife that influence their activity and adversely
affect their health and reproduction capabilities, possibly more so than direct
predation effects do. Cat roaming activity, particularly that of pet cats, could
be managed with the support of the community, though motivation needs to
be ensured. Understanding if roaming cat activity influences urban wildlife
activity via perceived fear/stress impacts will help to build community motivation
for the need for domestic cat management in urbanised areas. Using infrared
motion sensor cameras positioned in both yards and green space edge habitats,
we observed whether the presence and times active of native and introduced
small mammals, and native birds, were impacted by domestic cat activity within
a 24-h period and by their activity in the prior-24-h period. We found evidence
of cat roaming activity during the hours of most wildlife activity, and show that
wildlife navigated “landscapes of fear” relative to cat activity, as wildlife observed
across a 24-h period increased their activity in the absence of cats in the same
24-h period and in the previous 24-h period. We also tested if cat activity was
relative to previous cat activity, or disturbances, and found that cats reduced
activity in response to each, but were still consistently present. Our results provide
justification for the need to increase management of domestic cats in urbanised
areas and offer fear/stress impacts as a novel approach to engender community
support of such management.

risk-sensitive foraging, urban biodiversity, landscape of fear, ecology of fear, stress, Felis
catus, pest management, urban conservation motivation

Introduction

Roaming domestic cats (Felis catus) are recognised as a threat to wildlife globally
(Trouwborst et al., 2020). They inhabit all continents but Antarctica, persist on numerous remote
islands (Courchamp et al., 2003), and are one of the most popular domestic pets in many
countries (Crowley et al., 2020). In many situations domestic cats are estimated to occur in much
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higher numbers than all species of wild cats combined (Hunter, 2015).
As a relatively fecund species able to persist under varied climate,
habitat, and resource conditions (Lowe et al., 2000; Legge et al., 2017),
and which is also regularly given food subsidies by people (Toukhsati
etal., 2007; Davey et al., 2019), the domestic cat has some advantage
over native predators and prey. Domestic cats (hereafter “cats”) impact
wildlife via predation, fear effects, competition, and as a vector of
diseases and parasites (Beckerman et al.,, 2007; Dubey and Jones, 2008;
Medina et al., 2011; Doherty et al., 2016). Some attention is being
directed at mitigating feral cat populations in natural environments
(Dorph and Ballard, 2022), yet management of pet cats in urbanised
areas is largely suggestive and not regularly mandated (Legge et al.,
2020a,b), with management of feral cats in urbanised areas being
implemented even more rarely (Dorph and Ballard, 2022). This
situation is problematic, as mounting evidence emphasises the value
of urban environments as hot spots of wildlife activity, globally
(Cincotta et al., 2000; Seto et al., 2012; Ives et al., 2016; Wintle
etal., 2019).

As the human population continues to grow, urban habitats
may become the best or only habitats available to some wildlife
species (Hobbs et al., 2009). Wildlife species in natural habitats
are facing increased threats, many of which are difficult to
mitigate (Sattar et al, 2021). However, mitigation of urban-
specific threats to “urban exploiter” wildlife - that is those species
that make full use of urban resources (McKinney, 2006), may well
if suitable The
conservation of extant wildlife across green space habitats that

be more achievable habitat is available.
serve as rich islands between human developments (Dearborn
and Kark, 2010; Gaston et al., 2013), is therefore, of growing
importance (Soanes and Lentini, 2019). Native wildlife that
persists in urban environments (e.g., Lopucki and Kitowski, 2017;
Rebolo-Ifran et al., 2017; Maclagan et al., 2018; Singh et al., 2021)
must navigate the attendant introduced stressors that can
compound with natural stressors, to receive the rewards from
living in proximity to high human activity (Fardell et al., 2020).
These stressors include the presence of non-native flora and
1997; Gaertner et al., 2017), and

to biogeochemical

fauna (Vitousek et al,
disturbances cycles, hydrology, soil
composition, and climate (Grimm et al., 2008; Kowarik, 2011).
The rewards are opportunities to gain food, water, and shelter
(Pickett et al., 2001; Gaston et al., 2005; Hobbs et al., 2009).
Should the stressors outweigh the rewards then there can be fatal
impacts (Fardell et al., 2020). Free-roaming pet and feral cats that
are prevalent in urban environments (Legge et al., 2017, 2020a),
could exacerbate stress impacts on urban wildlife through
influencing their activity and adversely affecting their health and
reproduction capabilities (Preisser et al., 2005), as well as the
more obvious direct predation impacts (Murphy et al., 2019).
Fear or stress can have a greater effect on populations than
direct predation (Preisser et al., 2005). Nonconsumptive effects
of cats reduce reproduction in birds, and thus abundance, by 95%
compared to only a 1% impact from predation (Beckerman et al.,
2007). The visual cue of a taxidermied cat reduced parental care
by blackbirds owing to increased alarm calls and agitation
behaviours, which resulted in higher rates of nest predation by
other predators (Bonnington et al., 2013). Use by birds of avian
feeders in urban environments has also been observed to
be reduced when cats are present (Tryjanowski et al., 2015;
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Freeberg et al., 2016). Adopting an effective coping response to a
stressor is beneficial to the fitness of stressed animals (McEwen
and Wingfield, 2003), with behaviours such as increased
detection of approaching predators/stressors, increased escape
responses, reduced interaction with threats, or self-soothing, all
reducing the stress response (Lima and Dill, 1990; Brown, 1999;
Koolhaas et al., 1999; Herberholz and Marquart, 2012; Estanislau
et al, 2019). In most predator-prey systems, the species share a
coevolutionary history that allows both predator and prey to
coexist (Marrow et al.,, 1992; Abrams, 2000). If interactions
between predator and prey are altered or novel, such as in urban
ecosystems, there can be deleterious impacts to the prey species
(Bridges, 1999; Carthey and Blumstein, 2018), that can cascade
through the ecosystem (Brown et al., 2015), at least for an initial
period. With time, repeat encounters with a stressor, such as a
novel predator, can incite an adaptive response (West et al., 2018;
Bytheway and Banks, 2019; Tay et al., 2021). However, when
predation pressures are strong and persistent, as with numerous
different predators in a novel system, they can deplete prey
species’ energy budgets for reproduction and health management
either via energy exhaustion from repeat stress (i.e., the predation
stress hypothesis: Moberg, 1991; Boonstra et al., 1998; Clinchy
et al., 2004; Romero, 2004), or via reduced nutrition from
foraging compromises (i.e., the predator-sensitive food
hypothesis: Sinclair and Arcese, 1995; Brown and Kotler, 2004).

In “landscapes of fear,” where wildlife navigate their landscape
according to high and low perceived predation threats (Laundré
et al, 2001, 2010, 2014), a prey species’ use of the topography,
refuges, and escape substrates can indicate its perceived predation
risk (Brown and Kotler, 2004; Shrader et al., 2008; van der Merwe
and Brown, 2008). The landscapes of fear model (Laundré et al.,
2001, 2010) has been assessed extensively to provide a plausible
explanation for shifts in population dynamics (Laundré et al.,
2014). This confirms the need to understand the direct and
indirect impacts of fear imposed on prey by predators, in order
to gain a deeper insight into the factors that shape and maintain
stability. The
understanding of the responses of prey species to potential

ecological network concept implies an
predator cues, like olfactory stimuli, as well as their presence and
direct impacts (Laundré et al., 2001; Takahashi, 2014). Olfactory
information can be used to evaluate predation risk, as predators
and prey both secrete body odours (Davis et al., 2013) that reflect
their dietary activity and metabolism (Ferkin et al., 1997). These
odours may also provide clues to animal health, sex, age and
behaviour via glandular secretions, such as steroid hormones that
may indicate stress (Zamaratskaia and Squires, 2009). It follows
then that the presence or absence of olfactory cues can indirectly
affect other species within food webs and, as individuals receive
messages intended for them or eavesdrop on each other (Banks
etal., 2016; Jones et al., 2016), a landscape of fear may be created.
This could arise from recent (over the same 24-h period) or prior
(within previous 24-h periods) predator activity in the area.
Olfaction drives the “fear” response in many landscapes (Soso
et al., 2014; Banks et al., 2016; Jones et al., 2016; Parsons et al.,
2017). Prey responses to predator olfactory cues from their prior
activity in the area vary from no response or mild inhibitory/
repellent behaviours (e.g., Herman and Valone, 2000; Orrock and
Danielson, 2009) to strong avoidance and modified activity patterns
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and habitat use (e.g., Fenn and Macdonald, 1995; Shrader et al,,
2008; Willems and Hill, 2009; Parsons and Blumstein, 2010; Anson
and Dickman, 2013), which could negatively impact their fitness
(Loss and Marra, 2017). Indeed, cat olfactory cues have been
observed to incite modified foraging behaviour responses by small
mammals in disturbed habitats (Apfelbach et al., 2005), which
could stem from diurnal or nocturnal cat roaming. Cat roaming
activity, particularly of cats that are pets, could be managed with the
support of the community, although motivation needs to be ensured
(Legge et al,, 2020a; van Eeden et al., 2021). Understanding whether
roaming cat activity does influence urban wildlife activity via
perceived landscapes of fear would contribute to the growing
knowledge base of cat impacts on urban wildlife. This poorly
understood interaction could better help to build motivation for the
need for cat management in urbanised areas.

The compounding additional predator pressures in urban
ecosystems (Fardell et al., 2020, 2021b, 2022a), from pet cats and dogs
(Youngetal., 2011; Legge et al., 2020a), wild predators attracted to the
supplementary resources that people provide (Newsome et al., 2015;
Reshamwala et al., 2018), and the predator-like stress that human
activity can cause (Frid and Dill, 2002; Rehnus et al., 2014; Patten and
Burger, 2018), are likely to create strong and persistent predator
pressure that could cause nonconsumptive fear or stress effects,
including landscapes of fear. Management of pet cats is often stymied
by a lack of evidence of direct predation and whether this impacts
wildlife
nonconsumptive effects of roaming cats could support the need for

populations. Offering evidence for the negative
more consideration in management to be given to the fear and stress
impacts that cat presence alone can have on wildlife populations. We,
therefore, investigated the fear/stress impacts on wildlife imposed by
cat roaming activity, at all hours, in a patchy urban environment in
Australia, where pet and feral cats are prevalent across all areas (Legge
etal., 2017,2020b), to determine if landscapes of fear were evident. To
do so, we used infrared motion sensor cameras to observe rates and
times of activity of native and introduced wildlife, compared to
roaming cat activity within a 24-h period in both yard and green space
edge habitats. To further test the fear/stress responses of wildlife
we also examined their rates and times of activity compared to cat
activity within the previous 24-h period. To understand how roaming
cat activity may be influenced we also examined cat rates and times of
activity relative to previous cat activity and to disturbance events from
people, dogs, horses, and chickens. We predicted that wildlife would
show some evidence for a landscape of fear response to the novel
predator and would reduce their activity in local areas relative to cat
presence both within the same 24-h period and within the previous
24-h period. We also predicted that responses would be similar across
different (yard and green space) habitats.

Methods
Study area

As described and depicted in Fardell et al. (2021a,b, 2022a,b), this
research was conducted in the connected suburban areas of
Whitebridge and Dudley, in the Lake Macquarie district of New South
Wales, Australia. The combined area is a patchy urban environment,
interspersed with many green spaces and corridors, most of which
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contain remnant vegetation that pre-dates European disturbance
[Department of Environment, Climate Change and Water (DECCW),
2010; Bell, 2016] and eventually links up to the larger Glenrock State
Conservation Area (GSCA) or Awabakal Nature Reserve. This area is
biodiverse [Department of Environment, Climate Change and Water
(DECCW), 2010], with wildlife frequently active near to houses/
human activity (Fardell et al., 2021b, 2022a,b). At the time of research,
the only legislative requirement for pet cat ownership in this area was
that cats be registered; no containment or time restrictions on roaming
were in place. Similarly, no feral cat control occurred in the area.

Survey methods

The monitoring of wildlife was conducted under animal ethics
approval from the University of Sydney (2017/1275), and a New South
Wales Scientific License (SL102024). Data were collected for wildlife
responses to cats in yard habitats as published in Fardell et al. (2022b),
and for green space edge habitats as published in (Fardell et al. 2021b,
2022a), using cameras to assess wildlife/cat/disturbance presence
across time. In brief, within the yards of 21 volunteer households, four
motion-sensor infrared Reconyx Hyperfire PC800 cameras were set
to take a quick-burst of 10 images continually across 24-h periods for
a minimum of three consecutive days and nights, between May and
June 2019 (Fardell et al., 2022b). Cameras were positioned ~20cm
from the ground at a 10° downward angle, targeting small-medium-
sized terrestrial wildlife (Fleming et al., 2014), with two cameras in
more “open” areas of yards and the remaining two positioned in more
“vegetated” or covered areas of yards (Fardell et al., 2022b). Each
camera had a scent lure of fish-oil-soaked sponges in sealed PVC pipes
with air holes that were secured ~1.5-2m in front of them on the
ground, and a bait of mixed peanut butter, honey, and oats scattered
in this area. Volunteer households that owned pets were encouraged
to let their pets move around the property as they would normally,
despite the cameras.

Within the area between the volunteer yards a “green space edge”
habitat was also surveyed. The green space consisted of a patch of
largely remnant dry sclerophyll forest that surrounded a heavily used
grass sports oval; the outer edge of the vegetated patch was surrounded
by a wide grass fire trail/corridor that connected to the larger GSCA
(via aroad) and bordering this were houses, all intersected by walking/
cycle tracks (see Figure 1 of Fardell et al, 2021b and associated
description). Six motion-sensor infrared Reconyx Hyperfire PC800
cameras were set in this area at the edges of the forest on human-made
tracks or narrower animal runs, covering an area of ~20,717 m? within
a~660m perimeter, spaced ~60-80m apart dependent upon habitat
suitability. Cameras were fixed to trees ~1 m above ground at a 10°
downward angle to capture a wider area (Fardell et al., 2021b, 2022a).
Cameras were set to take a quick-burst of 10 images continually across
both day and night and had a scent and bait lure of fish oil and a
peanut butter-honey-oat mix scattered directly amongst leaf litter on
the ground ~2-3 m away (to account for the higher camera position
for a wider area), which was reapplied after 3 days (Fardell et al,
2021b, 2022a). Cameras were set for eight consecutive nights, for four
repeated survey sessions between January and September of 2019.

To account for the effect that high illumination moon-phase can
have on small mammal foraging behaviours (Navarro-Castilla and
Barja, 2014), all camera surveys were conducted when the moon was
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<70% full (Fardell et al., 2021b, 2022a,b). Adverse weather events were
also avoided (Fardell et al., 2021b, 2022a,b). For ease of assessment in
both datasets (i.e., yard and green space edge), records of native birds
were pooled considering the small number of visits per species,
commonalities in their times active, habitats used, and means of
escape by flight. Introduced rodents—brown and black rats (Rattus
norvegicus and R. rattus) and, in the case of the green space edge
habitat, house mouse (Mus musculus)—were also grouped together
for assessment as there were few observations of the latter two species
and all exhibit common urban behaviours (Feng and Himsworth,
2014). All images captured were included in analyses, and combined
per species/group to give a total for each 24-h period. In this way the
data were an indicator of not only presence, with a zero-result
recorded if a species/group was not observed in a 24-h period, but also
the amount of activity within the area.

Statistical methods

We ran generalised linear mixed models that allowed for zero
inflation and dispersion parameters, using the package glmmTMB
(Brooks et al., 2017) in the statistical software R (R Core Team,
2022), to test the effect of cat activity on wildlife and disturbances
on cat presence in the yard and edge habitats. This method was
selected to account for the high number of true zeros observed in
the wildlife/cat activity dataset. Within each model, the first section
tests the conditional mean to determine the influence of the
predictors on the response, the second section assesses which
predictors increase the probability of a zero, and the third section
tests for dispersion effects and the balance of them relative to the
mean (Brooks et al., 2017). To accommodate these processes, log
link functions were used on the first and third sections, and a logit
link function on the second section of each model (Brooks et al,,
2017). The odds ratio and percentage change were exponentiated
for presentation and ease of interpretation.

Models were run to independently test the effects on wildlife from
cat presence in (1) the same 24-h period, and (2) the previous 24-h
period, using the total number of cat images observed in each period
as a fixed effect in (a) yard, and (b) edge habitats. The response in each
of these models was the total number of wildlife images captured,
modelled as individual species, or grouped orders, per 24-h period. To
test the effect of disturbances on cats, models were also run using the
total number of disturbances (yards: people, dogs, horses, chickens;
and edge: people, dogs) observed in a 24-h period as the fixed effect
on the response of the total number of cats observed in the 24-h
period in (a) yard, and (b) edge habitats. To test the effect of cat
presence on cat presence, models were run using the total number of
cat images observed in the previous 24-h period as the fixed effect on
the response of the total number of cat images observed in the 24-h
period in (a) yard, and (b) edge habitats. Within the yard habitat
models, the “open” and “vegetated” camera data were grouped
together to represent the typical variation in yard microhabitats.
Camera/yard location, survey day, survey session (green space models
only), and the total number of animal/disturbance types in a 24-h
period (only when needed to balance the model) were each used as
random effects to account for repeated measures. The total number of
images recorded per 24-h period was used as an offset to relativise the
image counts by accounting for the uneven number of images
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captured each 24-h period. If there were explanatory and/or random
variables that showed variance in a response, then they were included
in the relative model’s dispersion formula. Alternatively, a single
inflation parameter was applied to the combination of all fixed and
random effects (i.e., ~1), where it best fitted. Explanatory and/or
random variables that showed the highest deviation in a zero-
response, or the standard dispersion given the family modelled, were
included in the model’s zero inflation formula relative to the best-fit
model. Model fit was assessed via Akaike Information Criterion
comparisons (Burnham and Anderson, 2004), and successful testing
and observations on the residuals, using the package DHARMa
(Hartig, 2021).

Overlap coefficients for activity times between each species/group
and cats across the yard and green space edge habitats were calculated
from the camera data and are presented as the percentage overlap in
times active. These comparisons were made and plotted using the R
package overlap that uses radians to fit kernel density functions to
times of observations of animals (Ridout and Linkie, 2009).

Results
Camera trapping

Across the four cameras in each of the 21 volunteer properties
for 3-4 x 24-h survey periods, a total of 12,892 images was captured
within the yard habitats. The majority (9,605: 74.5%) of these
images were of wildlife, being: 5,467 (42.4%) images of common
brushtail possums (Trichosurus vulpecula), 1,722 (13.4%) images
of combined introduced rodents, 1,029 (8%) images of northern
brown bandicoots (Isoodon macrourus), 985 (7.6%) images of
brown antechinuses (Antechinus stuartii), 400 (3.1%) images of
combined native birds (see species below), and 2 (0.01%) images
of red foxes (Vulpes vulpes). Disturbances were also prevalent in
the images (2,855: 22.1%), including: 2,077 (16.1%) images of dogs
(Canis familiaris), 534 (4.1%) images of people (Homo sapiens),
232 (1.8%) images of chickens (Gallus domesticus), and 12 (0.09%)
images of horses (Equus caballus). Cats were also present in the
yard images, totalling 432 (3.4%) images. Seven individual cats
were observed, half of which visited the cameras twice at a single
property, but none of these were observed to visit multiple close-by
properties. One cat was observed wearing a collar.

Across the six cameras positioned along the edge of the green
space remnant habitat for 4 survey sessions of 8 nights each, a total of
34,419 images was captured within the green space edge habitats. The
majority (30,861: 89.6%) of these images were of wildlife, being:
11,111 (32.3%) images of introduced rodents, 11,075 (32.2%) images
of northern brown bandicoots, 7,652 (22.2%) images of common
brushtail possums, 631 (1.8%) images of red foxes, 283 (0.9%) images
of combined native birds, 60 (0.2%) images of brown antechinuses,
and 49 (0.1%) images of common ringtail possums (Pseudocheirus
peregrinus). Disturbances were also prevalent in the images (2,365:
6.9%), including: 1,735 (5%) images of dogs, and 630 (1.8%) images
of people. Cats were also ubiquitous in the green space edge images,
totalling 1,193 (3.5%) images. Six individual cats were observed, all of
which were captured on multiple separate events that totalled 58,
which comprised of: 16 for cat #1, 13 for cat #2, 2 for cat #3, 16 for cat
#4, 8 for cat #5, and 3 for cat #6. One cat was observed with a collar.
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FIGURE 1

Northern brown bandicoot (Isoodon macrourus) and domestic cat
(Felis catus). Photo captured on Reconyx sensor camera by L. Fardell
at the green space edge habitat.

One successful predation event was caught on camera with cat #1
leaving the dense vegetation with a small mammal in its mouth,
though only the long tail and foot were visible. Stalking by cat #1 on a
young northern brown bandicoot was also observed at the edge of the
dense vegetation and the corridor, although the result occurred off
camera after the cat pounced and the bandicoot ran with the cat
chasing after it (Figure 1).

Owing to the smaller number of brown antechinuses observed,
to enable analyses, these were grouped together with northern
brown bandicoot data for each location. Considering that both are
native marsupials that would likely be foraging for terrestrial
invertebrates when captured on camera, and that each has a unique
escape method (spiral arboreal climbing for the brown antechinus,
Dickman, 1991; and a loping run for the northern brown
bandicoot, Bennett and Garden, 2004), we felt that this approach
was justified. Similarly, owing to the small number of common
ringtail possums observed at the green space edge habitat only,
records were grouped with common brushtail possum data to
enable analyses. This was justified as these possums are ecologically
similar native arboreal marsupials, capable of the same movement
and behaviours. The bird species grouped together for the yard
habitats included: laughing kookaburra (Dacelo novaeguineae) -
146 images, Australian magpie (Gymnorhina tibicen) — 125 images,
crested pigeon (Ocyphaps lophotes) — 50 images, buff-banded rail
(Gallirallus phillippensis) - 41 images, brush turkey (Alectura
lathami) - 20 images, and noisy miner (Manorina melanocephala)
- 19 images. The bird species grouped together for the green space
edge habitats included: Australian magpie — 200 images, satin
bower bird (Ptilonorhynchus violaceus) — 47 images, noisy miner
- 28 images, and eastern whip bird (Psophodes olivaceus) -
8 images.

Temporal effects of cats on wildlife in yard
and green space edge habitats

The times that cats were most active varied between the yard and
green space edge habitats (Table 1). Within the yard habitat, cats were
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TABLE 1 The total number of individual domestic cats (No. Cats), events
(No. Events) of cat activity — considering consecutive images, and
number of images (No. Images) per hour (24h), in the collective study
periods, across yard and green space edge habitats.

1 0 1 0 3 0 19
2 0 3 0 4 0 118
3 2 3 2 3 44 34
4 1 4 2 6 77 284
5 0 1 0 4 0 34
6 0 0 0 0 0 0

7 0 0 0 0 0 0

8 0 0 0 0 0 0

9 0 1 0 1 0 30
10 0 1 0 2 0 78
11 1 1 1 1 10 35
12 0 1 0 2 0 26
13 0 1 0 3 0 53
14 0 1 0 2 0 78
15 0 1 0 1 0 25
16 0 1 0 1 0 10
17 0 1 0 1 0 4

18 0 1 0 7 0 51
19 1 2 1 1 78 9

20 0 2 0 2 0 107
21 0 2 0 4 0 72
22 2 2 3 2 60 7

23 2 2 3 4 163 34

only active during six hourly periods, with most activity observed
around 10-11 pm, then 7 pm, 4am, and 10 am, followed by 3am, and
11 am. Within the green space edge habitat, cats were active during all
but 3h (from 6 to 8 am), with most activity observed during the
pre-dawn period of 5am, followed by 3am and 8 pm; moderate
activity was also evident at midday from 11am - 2 pm as well as at
6 pm and 9 pm, with low activity in the other hours. Overlaps in times
that both wildlife and cats were active varied between the yards and
green space edge habitats too (Table 2). Within the yards habitat, the
largest overlap was evident between cats and common brushtail
possums, then brown antechinuses, northern brown bandicoots,
introduced rodents, followed by pet dogs, people, and native birds
(Figure 2). Within the green space edge habitat, the largest overlap was
evident between cats and introduced rodents, then northern brown
bandicoots, brown antechinuses, and common brushtail possums,
followed by people, native birds, red foxes, pet dogs, and common
ringtail possums (Figure 3). The periods of most overlap, however,
were common across the yards and green space edge habitats, being
largely pre-dawn and post-dusk for mammals, dawn and middle of
the day for native birds, and day to 6-9 pm for pet dogs and people
(Figures 2, 3).
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TABLE 2 Summary of the generalised linear mixed model output testing the effect of domestic cat activity on wildlife activity in the yard habitats of 21
volunteer yards, based on four infrared scent and bait lured cameras in each yard for a duration of three-four consecutive 24-h periods.

Yards - wildlife Pi to Cat Pi

Odds ratio % change Estimate Std. error Z value p value % time active
overlap
Antechinus & Antechinus: 34
bandicoots Bandicoots: 27
No. Catin 24h 0.95 =5 —0.05 0.07 —0.69 0.49
(Intercept) 0.57 —43 —0.55 0.95 —0.59 0.56
No. Cat in previous 1.02 2 0.02 0.11 0.19 0.85
24h
(Intercept) 0.39 —61 —0.93 0.51 —1.83 0.07
Brushtail possums 43
No. Catin 24h 0.99 -1 —0.01 0.01 —0.86 0.39
(Intercept) 0.82 -18 -0.19 0.13 —-1.52 0.13
No. Cat in previous 1.00 0.1 <0.01 0.01 0.10 0.92
24h
(Intercept) 0.80 -20 —0.22 0.13 -1.70 0.09
Native birds 2
No. Cat in 24h 0.10 -90 —2.34 1682.33 <—0.01 1.00
(Intercept) 0.15 -85 -1.92 0.49 —3.95 <0.01
No. Cat in previous 0.02 -98 -3.77 2807575.72 <0.01 1.00
24h
(Intercept) 0.15 -85 -1.93 0.51 —3.76 <0.01
Introduced black & 25
brown rats
No. Cat in 24h 0.91 -9 —0.09 0.04 —2.38 0.02
(Intercept) 0.53 —47 —0.64 0.25 —2.50 0.01
No. Cat in previous 1.01 1 0.01 0.03 0.54 0.59
24h
(Intercept) 0.50 -50 —0.69 0.25 —-2.77 <0.01

Effects of domestic cat activity were assessed based on domestic cat observations within both the same 24-h period and the prior 24-h period. The intercepts reflect no domestic cat activity
observed. The respective explanatory variables, per the same 24-h and prior-24-h domestic cat activity models, represent increases in domestic cat activity. The odds ratio and percentage
change have been exponentiated from the logit link function. The percentage of activity overlap is based on the accumulated data per species or animal groups compared to all domestic cat
activity across the 24 h. Wildlife observed were the brown antechinus, northern brown bandicoot, common brushtail possum, native birds, and introduced rodents (brown and black rats).

Effects of cats on wildlife in yard habitats

Within the yard habitats, wildlife largely responded negatively
to the presence of cats compared to their absence within each
24 h-period, with brown antechinuses and northern brown
bandicoots, common brushtail possums, native birds, and
introduced rodents all increasing when no cats were observed
(odds ratios <1, intercept results: Table 2, Figure 4). Inverse
responses to no cat observations were most evident in native birds,
followed by introduced rodents, then brown antechinuses and
northern brown bandicoots, and finally common brushtail
possums (intercept results: Table 2). However, the large standard
errors associated with native birds suggest that these results are less
reliable (Table 2). Increases in cat observations within the 24-h
period had a small to minimal negative effect on brown
antechinuses and northern brown bandicoots, and common
brushtail possums (odds ratios ~1), a small but significant negative

Frontiers in Ecology and Evolution

effect on introduced rats, and a large negative effect on native birds,
but with large error margins (Table 2).

Wildlife responses in yard habitats to increases in cat observations
within the previous 24-h period had zero to minimal positive effect on
all mammals (odds ratios ~1), but observations of native birds reduced
even more than if a cat was observed within the same 24-h period
(Table 2). When no cats had been observed in the previous 24-h period,
wildlife observations increased with the largest ratio of change evident
in native birds, followed by brown antechinuses and northern brown
bandicoots, then introduced rats, and finally common brushtail possums
(intercept results: Table 2, Figure 4). However, each result for native birds
is less reliable considering the associated large error margins (Table 2).

Cat responses to increases in disturbance observations of people,
dogs, horses, or chickens, showed nil to very minimal negative effects
(odds ratios ~1). However, when no disturbances were observed then
cat observations increased (Table 3, Figure 5). Cat observations in
response to cat observations in the previous 24-h period showed nil
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Density pair plots for the overlap coefficients for wildlife hours active compared to the hours that domestic cats were active in the yard habitats for:
(A) brown antechinus, (B) northern brown bandicoot, (C) common brushtail possum, (D) native birds, and (E) introduced rodents (brown and black
rats). Results recorded by four infrared scent and bait lured cameras positioned in 21 volunteer yards for the duration of three-four consecutive 24-h
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Density pair plots for the overlap coefficients for wildlife hours active compared to the hours that domestic cats were active in the green space edge
habitat for: (A) brown antechinus, (B) northern brown bandicoot, (C) common brushtail possum, (D) common ringtail possum, (E) native birds, and

(F) introduced rodents (brown and black rats, and house mouse). Results recorded by six infrared scent and bait lured cameras positioned throughout a
green space edge habitat for the duration of eight consecutive 24-h periods, for four repeated survey sessions.
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FIGURE 4
Plots depicting the raw data for the proportion of images observed per 24-h period for each species or animal group compared to the proportion of
images that were of domestic cats, for wildlife (brown antechinus, northern brown bandicoot, native birds, and common brushtail possum) and
introduced rats (brown and black rats) in the yard habitats; as: (A) wildlife compared to domestic cats across the same 24-h period, (B) wildlife
compared to domestic cats across the prior-24-h period, (C) introduced rodents compared to domestic cats across the same 24-h period, and
(D) introduced rodents compared to domestic cats across the prior-24-h period. Results recorded by four infrared scent and bait lured cameras
positioned in 21 volunteer yards for the duration of three-four consecutive 24-h periods.

to minimal positive effect (odds ratios ~1), but if there had been no
cats observed in the prior period then observations of cats increased
(odds ratios <1; Table 3; Figure 5).

Factors affecting data dispersion and
frequency of zero wildlife observations in
yard habitats

For all yard habitat models, except those for common brushtail
possums and cat observations relative to previous cat observations, the
probability of producing a structural zero, that is, not generated by the
conditional model, was equal for all fixed and random effects modelled
(i.e., ziformula= ~1, in the best fit models; Brooks et al., 2017). Positive
zero-inflation estimates suggest a high chance of a zero-result given an
increase in all factors modelled together (Brooks et al., 2017), which was
significant for each model (Supplementary material; Table 1). For
common brushtail possums’ responses to cats in the 24-h period model,
both the day and number of animals observed in a day were used as zero

Frontiers in Ecology and Evolution

inflation parameters in the best fit models (Supplementary material;
Table 1). The effect of all days and number of animals in a day, except
for the number of animals on the final survey day, showed a reduced
probability of a zero-result compared to day 1 and 1 animal, and the
number of animals on the final day showed an increased probability of
a zero-result compared to day 1 and 1 animal, although they were not
significant (Supplementary material; Table 1). The same result was
evident in the model for common brushtail possums’ responses to cats
in the previous 24 h. However, the number of cats observed the previous
day was also used as a zero-inflation parameter in the best fit model,
with an increased probability of a zero result as this measure increased,
which was not significant (Supplementary material; Table 1). For the
cats’ responses to observations of cats in the previous 24h model, both
the day and number of cats observed in the previous 24 h were used as
zero inflation parameters in the best fit models (Supplementary material;
Table 1). Each day increased the probability of a zero-result compared
to day 1, and as the number of cats observed in the previous 24h
increased, it decreased the probability of a zero result, though none was
significant (Supplementary material; Table 1). For all the best-fit yard
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TABLE 3 Summary of the generalised linear mixed model output testing the effect of disturbances (people, dogs, horses, chickens) and prior domestic

cat activity on domestic cat activity in the yard habitat of 21 volunteer yards,

duration of three-four consecutive 24-h periods.

Yards - Cat Pi to disturbances & previous Cat Pi

Odds ratio % change Estimate

based on four infrared scent and bait lured cameras in each yard for a

% time active
overlap

Std. error Z value p value

Cat Pi under
disturbances (people,
dogs, horses,

chickens)

Pet dog: 12 Person:
2

No. disturbances 0.99 —0.01

<0.01 —5.37 <0.01

(Intercept) 0.29 —71 —1.24

0.87 —1.43 0.15

Cat Pi Under
previous 24 h Cat Pi

NA

No. Cat in previous 1.02

24h

0.65 0.52

(Intercept) 0.57 —43 -0.57

0.30 —1.88 0.06

The intercepts reflect no disturbances or prior domestic cat activity observed. The respective explanatory variables represent increases in observed disturbances or prior domestic cat activity.
The odds ratio and percentage change have been exponentiated from the logit link function. The percentage of activity overlap is based on the accumulated data per species compared to all

domestic cat activity across the 24 h.
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Plots depicting the raw data for the proportion of images observed per 24-h period for domestic cats in the yard habitats, compared to (A) the
proportion of images that were disturbances (chickens, dogs, horses, people), and (B) the proportion of images that were of prior-24-h domestic cat
observations. Results recorded by four infrared scent and bait lured cameras positioned in 21 volunteer yards for the duration of three-four consecutive

habitat models, the dispersion parameter was set as the standard
dispersion variance given the negative binomial 2 family distribution
(Brooks et al., 2017).

Effects of cats on wildlife in green space
edge habitats

Within the green space edge habitats, wildlife responses to increases
in cat observations within the 24-h period had no to minimal negative
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effect (odds ratios ~1, Table 4). However, when there had been no cats
observed in the 24-h period, wildlife observations increased, with the
largest ratio of inverse change evident in red foxes, native birds, then
brown antechinuses and northern brown bandicoots, common brushtail
and ringtail possums, and finally, introduced rodents (odds ratios <1,
intercept results: Table 4; Figure 6).

Wildlife responses in green space edge habitats to increases in cat
observations within the previous 24-h period had zero to small
negative effects on common brushtail and ringtail possums,
introduced rodents, and red foxes, but zero or minimal positive effect
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TABLE 4 Summary of the generalised linear mixed model output testing the effect of domestic cat activity on wildlife activity in the green space edge
habitat, based on six infrared scent and bait lured cameras positioned throughout the habitat for the duration of eight consecutive 24-h periods, for

four repeated survey sessions.

Green space edge - wildlife Pi to Cat Pi

Odds ratio % change

Estimate

% time active
overlap

Std. error Z value p value

Antechinus & Antechinus: 39
bandicoots Bandicoots: 42
No. Cat in 24h 0.99 -1 —0.01 0.01 -0.76 0.45

(Intercept) 0.31 —69 —1.16 0.49 —2.36 0.02

No. Cat in previous 1.02 2 0.02 0.01 1.26 0.21

24h

(Intercept) 0.32 —68 -1.14 0.28 —4.10 <0.01

Brushtail & ringtail Brushtail: 39
possums Ringtail: 24
No. Catin 24h 1.00 —0.1 <—0.01 <0.01 -0.23 0.81

(Intercept) 0.39 —61 —0.95 0.31 -3.10 <0.01

No. Cat in previous 0.97 -3 —0.03 0.02 —1.66 0.10

24h

(Intercept) 0.42 —58 —0.88 0.29 -3.03 <0.01

Native birds 29

No. Cat in 24h 0.95 -5 —0.06 0.01 —4.15 <0.01

(Intercept) 0.25 -75 -1.39 0.59 -2.37 0.02

No. Cat in previous 1.00 0.2 <0.01 0.03 0.06 0.95

24h

(Intercept) 0.05 -95 -2.93 1.10 —2.66 0.01

Introduced black & brown rats & house 50
mouse

No. Catin 24h 0.97 -3 —0.03 <0.01 —10.06 <0.01

(Intercept) 0.49 —51 -0.72 0.22 —3.31 <0.01

No. Cat in previous 0.96 —4 —0.04 <0.01 -9.93 <0.01

24h

(Intercept) 0.59 —41 —0.53 0.14 -3.79 <0.01

Red foxes 26

No. Cat in 24h 0.99 —0.6 —0.01 0.03 —0.24 0.81

(Intercept) 0.24 -76 —1.42 0.41 —3.45 <0.01

No. Cat in previous 0.98 -2 —0.02 0.04 —0.48 0.63

24h

(Intercept) 0.21 -79 —1.55 0.41 -3.75 <0.01

Effects of domestic cat activity were assessed based on domestic cat observations within both the same 24-h period and the prior 24-h period. The intercepts reflect no domestic cat activity
observed. The respective explanatory variables, per the same 24-h and prior-24-h domestic cat activity models, represent increases in domestic cat activity. The odds ratio and percentage
change have been exponentiated from the logit link function. The percentage of activity overlap is based on the accumulated data per species or animal groups compared to all domestic cat
activity across the 24 h. Wildlife observed were the brown antechinus, northern brown bandicoot, common brushtail possum, common ringtail possum, native birds, introduced rodents

(brown and black rats, and house mouse), and red fox.

on brown antechinuses and northern brown bandicoots, and native
birds (odds ratios ~1, Table 4). However, when there had been no cats
observed in the previous 24-h period, all wildlife observations
increased, with the largest ratio of inverse change evident in native
birds, red foxes, then brown antechinuses and northern brown
bandicoots, common brushtail and ringtail possums, and finally,
introduced rodents (odds ratios <1, intercept results: Table 4,
Figure 6).

Frontiers in Ecology and Evolution

Cat responses within the green space edge habitats to increases in
disturbance observations of people and dogs were negative but
minimal (odds ratios ~1). However, when no disturbances were
observed there was a large increase in cat observations (odds ratios <1;
Table 5, Figure 7). The same pattern was also evident for cat
observations in response to cat observations in the previous 24-h
period, showing a very minimal negative effect with increases in
previous cat observations (odds ratios ~1) but large increases in
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FIGURE 6
Plots depicting the raw data for the proportion of images observed per 24-h period for each species or animal group compared to the proportion of
images that were of domestic cats in the green space edge habitat, for native wildlife (brown antechinus, northern brown bandicoot, native birds,
common brushtail possum, and common ringtail possum) and introduced wildlife (red fox, brown and black rats, and house mouse); as: (A) native
wildlife compared to domestic cats across the same 24-h period, (B) native wildlife compared to domestic cats across the prior-24-h period,
(C) introduced wildlife compared to domestic cats across the same 24-h period, and (D) introduced wildlife compared to domestic cats across the
prior-24-h period. Results recorded by six infrared scent and bait lured cameras positioned throughout a green space edge habitat for the duration of
eight consecutive 24-h periods, for four repeated survey sessions.

observations of cats if there had been none observed in the prior
period (odds ratios <1; Table 5; Figure 7).

Factors affecting data dispersion and
frequency of zero wildlife observations in
green space edge habitats

Dispersion and zero inflation parameters mostly differed for each
of the best-fit green space edge habitat models (Supplementary material;
Table 2). In each model below the variances are relative to the base of
1 (i.e., day 1, session 1, camera location 1, 1 type of animal observed).
Responses to cats were present in most models’ variance parameters
and had varied effects on the probability of a zero result and
dispersion. For the native wildlife models of brown antechinuses and
northern brown bandicoots, and native birds, the number of cats
observed in the relative period (24-h, previous 24-h) had an inverse
effect and increased the probability of a zero result as the number of

Frontiers in Ecology and Evolution

cat observations decreased, without significance. For brown
antechinuses and northern brown bandicoots this also had a
significantly positive effect on dispersion. However, for the common
brushtail and ringtail possum models the number of cats increased the
probability of a zero result, as cat observations increased, significantly
so under the cats observed in the previous 24-h model. Responses
varied for the introduced mammals too, with the total number of cats
increasing the probability of a zero result for introduced rodents,
significantly in the previous 24-h model, but significantly decreasing
the probability of a zero result in all red fox response models.

For all common brushtail and ringtail possum models and for
the native birds model in response to cats in the 24-h period only,
the dispersion parameter was set as the standard dispersion variance
given the negative binomial 2 family distribution (Brooks et al.,
2017), and the zero-inflation parameters consisted of the same
variables. The camera location, survey session, and total number of
animal types either increased or decreased the probability of a zero-
result, with the decreases in location 4, session 4, and 2 types of
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TABLE 5 Summary of the generalised linear mixed model output testing the effect of disturbances (people, dogs) and prior domestic cat activity on
domestic cat activity in the green space edge habitat, based on six infrared scent and bait lured cameras positioned throughout the habitat for the
duration of eight consecutive 24-h periods, for four repeated survey sessions.

Edge green space - Cat Pi to disturbances & previous cat Pi

Odds ratio % change Estimate Std. error Z value p value % time active
overlap
Cat Pi under Pet dog: 25 Person:
disturbances (people, 30
dogs)
No disturbances 0.98 -2 —0.02 0.01 —3.25 <0.01
(Intercept) 0.18 —82 -1.70 0.43 —4.01 <0.01
Cat Pi under previous 24 h Cat Pi NA
No. Cat in previous 0.99 —0.04 <0.01 0.01 -0.09 0.93
24h
(Intercept) 0.02 —98 —4.08 0.82 —5.01 <0.01

The intercepts reflect no disturbances or prior domestic cat activity observed. The respective explanatory variables represent increases in observed disturbances or prior domestic cat activity.
The odds ratio and percentage change have been exponentiated from the logit link function. The percentage of activity overlap is based on the accumulated data per species compared to all

domestic cat activity across the 24 h.
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Plots depicting the raw data for the proportion of images observed per 24-h period for domestic cats in the green space edge habitat, compared to
(A) the proportion of images that were disturbances (dogs, person), and (B) the proportion of images that were of prior-24-h domestic cat
observations. Results recorded by six infrared scent and bait lured cameras positioned throughout a green space edge habitat for the duration of eight
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animals observed in the possum models, and 4 and 5 types of
animals observed for the native birds model each being significant.
In the best fit model for native bird responses to cats observed in the
previous 24 h, however, zero inflation was set to equal for all fixed
and random effects modelled combined, which significantly
increased the probability of a zero-result. Similarly, for each of the
best-fit brown antechinus and northern brown bandicoot response
models, survey session decreased the probability of a zero-result and
camera location increased the probability of a zero-result, with
locations 3 and 4 significant for the 24-h cat response models and
locations 3, 4, and 5 significant for the previous 24-h cat response
models. Survey session also had a positive effect on dispersion for all
sessions but session 4 under the response to cats observed in the
24-h period model.

Frontiers in Ecology and Evolution

For each of the best-fit introduced rodent response models, the
total number of animal types observed in the period, and day,
decreased the probability of a zero-result, with the exception of day 8
that increased the probability. Each decreased probability was
significant for both models, except for the observations of 6 types of
animals in the response to cats observed in the previous 24-h model.
In the 24-h period model only, camera location increased the
probability of a zero-result, with location 3 being significant, and
survey session decreased or increased the probability of a zero-result,
but with no significance. Dispersion parameters were not fitted to any
of the introduced rodent response models, considering the Poisson
family distribution required for the model fit. Similarly, for the best-fit
introduced red fox response to cats observed in the previous 24-h
model, survey session increased the probability of a zero-result,
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without any significance. The dispersion parameter for both red fox
response models was the total number of cats observed in the periods
relative to each model (24h, previous 24h), which had a negative
effect and was significant for the response to cats observed in the
previous 24-h period model.

For the best-fit cat response to disturbances model, the total
number of cats observed in the 24-h period significantly decreased the
probability of a zero-result, and the dispersion parameter of total
number of disturbance events in the 24-h period had a significantly
inverse effect. For the best-fit cat response to the previously observed
cats model, the total number of cats observed in the previous 24-h
period decreased the probability of a zero-result, and the dispersion
parameter of total number of cats observed in the previous 24-h
period had an inverse effect, neither of which were significant.

Discussion

Urban environments are increasingly being found to have
considerable conservation value to wildlife (Cincotta et al., 2000; Seto
etal., 2012; Ives et al,, 2016; Wintle et al., 2019). However, roaming cat
activity is a common threat to wildlife persistence globally
(Trouwborst et al., 2020), including within urban environments. Fear
and stress effects can be just as detrimental to wildlife population
persistence, if not more, than direct predation (Preisser et al., 2005;
Beckerman et al., 2007; Loss and Marra, 2017), and can occur in
response to predator cues alone (Apfelbach et al., 2005; Preisser et al.,
2005, 2007). As such, we sought to investigate the possible fear/stress
responses of wildlife, including native and introduced mammals and
native birds, in urban yard and green space edge habitats in response
to cat activity within the same 24-h and previous 24-h periods.
We found that cat activity—both in the immediate and previous 24-h
periods—reduced wildlife activity in a landscape of fear response,
likely due to fear aversion behaviours redirecting activity from areas
of cat activity. Although responses were more evident at the green
space edge habitats, possibly due to the protection that yard enclosures
and structures may offer wildlife (Fardell et al., 2022b), there was
measurable native small mammal and bird activity in both the yard
and green space edge habitats. These observations support the need
for increased cat management to conserve urban biodiversity.

Of the combined 13 individual cats observed in both the yard and
green space edge habitats, only two wore collars, one in each habitat.
However, given the healthy condition of the cats and that few pet cats
wear a collar due to perceived hazards they may cause (Harrod et al.,
2016), with only 53% of Australian cat owners reported to use collars
(Calver et al,, 2007), it is likely that the cats we observed were pets or
benefited from human-supplied resources. From our observations,
cats were active largely at night in the yard habitats and across all
hours except 6-8am in the green space edge habitats. The activity
overlap between wildlife and cats was between a quarter and half of
the diel period, with higher overlap apparent in the green space edge
habitats. There was clear evidence of cat activity during the hours of
most wildlife activity, in both the yard and green space edge habitats.
This may be little known to pet cat owners, as previous studies have
determined that whilst owners thought they were containing their cat
at night, 39% of their cats were actually roaming free at night
(Roetman et al., 2017). Alternatively, owners may not be motivated to
contain their cats’ roaming activity, believing instead that their cats’
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impacts are minimal (Bruce Lauber et al., 2007). Interestingly, across
both locations, we found no cat roaming activity between 6.00 and
8.00am, which may be indicative of when they are being fed/getting
human attention before the workday starts, which further supports
our proposition that the observed cats were pets. Similarly, but to a
lesser extent, we also observed reduced cat activity between 3.00 and
5.00 pm, when they may be fed/receive human attention at the end of
the workday. This aligns with previous findings on times of cat
roaming activity in an urban area in Australia, where activity was
reduced when cats were likely to gain human attention (Meek, 2003).
Cat roaming across the hours common to wildlife activity affected
the rates and areas of wildlife activity. In both the yard and green space
edge habitats, wildlife reduced their activity in locations of cat activity
in both the 24-h and previous 24-h periods, with the effect relative to
cat presence and not changing with increasing cat activity. This
indicates that any level of cat activity within an environment adversely
affects wildlife behaviours as they respond to the direct or stressor
cues from previous cat activity. Consistently changed behaviours from
stress responses, such as predator aversion, can have acute effects that
decrease reproduction and nutritional gain via increased cerebral
activity and glucose release (Sapolsky et al., 2000). If stress responses
are prolonged and persistent, then chronic effects can ensue and lead
to allostatic overload (Dantzer et al., 2014), impairing the ability to
maintain homeostasis (McEwen and Wingfield, 2003), leading in turn
to reduced/impaired reproduction, and suppressed immune function
(Dhabhar and McEwen, 1999; McEwen and Wingfield, 2003; Romero,
2004; Travers et al, 2010). Chronic stress responses can induce
extended behavioural changes and reduce an animal’s ability to persist
against future stressors (Mineur et al, 2006). Whilst we did not
measure stress, we believe that aversion responses such as those
observed warrant support of a fear/stress response to the stressor of
cat (predator) activity in the area. Anxiety-based behaviours of retreat,
increased vigilance, reduced grooming and movement, and elevated
blood pressure have certainly been observed in rodent species in
response to cat olfactory cues (Diclenberg and McGregor, 2001). Such
responses to cat odour occur via the same neural pathways that are
engaged in direct response to the presence of a live cat, which further
confirms that predator cues can be just as stress-inducing as predation
activity (Canteras and Goto, 1999; Dielenberg et al., 2001).
Maintaining health in the natural environment, however, requires
some learnt and moderated responses to stressors if they are persistent,
as we have observed in wild introduced rodents in response to cat
olfactory cues, as they became more active over the night to meet
foraging requirements, without any additional predator cues present
(Fardell et al., 2021¢). However, coping with a persistent stressor may
well not reduce all stress effects and can still leave animals susceptible
to additional compounding stressors, considering at the least the
energy that coping responses, such as increased vigilance or redirected
foraging, may need (Lima and Dill, 1990; Lima, 1998; Preisser et al.,
2005, 2007; Doherty et al., 2015; Wirsing et al., 2021). For example, in
support of this, Mahlaba et al. (2017) found that cats or dogs alone did
not elicit an obvious aversion response but when their presence was
combined there was a clear reduction in rodent activity. This may have
population-level impacts as the presence of multiple stressors can have
detrimental impacts on animals’ physiological systems (Arlettaz et al.,
2015; Geary et al,, 2019; Legge et al., 2019). Our results align with
previous findings of reduced activity by wildlife in response to cat cues
(Dielenberg and McGregor, 2001; Beckerman et al., 2007; Freeberg
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et al, 2016). Combined, our results suggest that landscape of fear
effects are indeed evident for urban wildlife in response to cat roaming
activity, and thus, the nonconsumptive effects of cats could
be promoted to garner better support for urban cat management. This
is important as the nonconsumptive or stress effects of cats can
be stronger than those of actively hunting predators; especially as cats’
sit-and-wait stalking behaviour means there is a particularly high
chance of their olfactory cue being related to a predation risk (Preisser
et al., 2007).

As our placements of cameras in yards and green space edge
habitats that bordered vegetated areas were near urban disturbances,
it is possible that the wildlife we observed had bold personalities.
High stress/predation on these individuals could, therefore, affect
selection by disproportionately impacting the bold personality type,
in turn negatively influencing the populations’ ability to persist;
personality differences among individuals in a population are

and Weissing, 2012).

important for evolutionary processes (Wolf g, 20

Such impacts have been found in fish populations relative to fishing,
which can select for and remove bold and fast-growing genotypes
from the population (Biro and Post, 2008). This is of concern
considering that despite the trend of more wildlife activity when no
cats were observed, when cat activity increased, the probability of
any additional zero brown antechinus and northern brown
bandicoot observations decreased. Perhaps this is indicative of a
higher level of bold personalities in these species, or of the cross-
over in foraging areas with cats increasing the reward relative to the
risk, as cats can prey on invertebrates and small reptiles that these
species could eat too. This could make such native species even
more susceptible to predation pressures by cats and higher stress
from increased interaction rates. The same inverse effect was
evident for foxes, with the probability of zero observations
decreasing with increasing cat observations, despite the trend of less
activity in the presence of cats. This may indicate some
mesopredator niche cross-over between these two introduced
predators and the benefits to following each other to areas of prey
activity (Molsher, 1999), which may compound their introduced
predation and stressor pressures (Fardell et al., 2021b, 2022a). The
opposite, however, was observed for the common brushtail and
ringtail possums and the introduced rodents that had an increased
probability of zero observations as cat observations increased. This
may reflect stronger aversive behaviours of increased vigilance that
we have observed previously in these species, in this area, in
response to introduced predators and human disturbances (Fardell
et al., 2022a). This may better equip them to be relatively more
synurban (Feng and Himsworth, 2014; Wat, 2019).

There was some evidence of cat activity reducing in response to
disturbances (people, dogs, horses, chickens), but cat activity was still
observed consistently and at levels comparable to the native wildlife.
The 13 cats observed in this study could indeed have detrimental
impacts on wildlife in the area from predation alone, following the
conclusion that unowned cats in highly modified landscapes can kill/
consume ~158-255 small mammals per year, per individual cat, and
that pet cats may kill/consume ~46.4 small mammals per year per
individual cat (Murphy et al., 2019). That could equate to between
~603 and 3,315 small mammals removed annually from our combined
study environments, with many more impacted by fear/stress
responses to cat cues and their direct presence, as all but one camera
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location in the green space edge habitat recorded multiple cat
observations, as did seven of the yards. Interestingly, cat observations
increased if there had been no cat observations in the previous 24h,
which could suggest that cats traverse wider areas for entertainment/
predation events, alternating between areas. This may be evident in
differences between core and 100-95% roaming ranges (e.g., Hanmer
etal, 2017; Fardell et al., 2021a). Such behaviour would spread cat
olfactory cues and resulting stress responses in wildlife, and lead to
larger areas within wildlife species’ home ranges being influenced
by cats.

Conservation management value

Management of cats is challenging owing to them being
identified as both feral/pest and companion/pet animals, which
can garner mixed support (Farnworth et al., 2010, 2011). Divided
community support can be a limiting factor for the management
of cats in urban environments (Mameno et al., 2017; Travaglia and
Miller, 2018). Cat management in urban areas of Australia, and
likely other areas, is largely insufficient for the protection of prey
species and biodiversity (Threatened Species Recovery Hub, 2020).
Considering the increasing conservation value of urban
environments for wildlife persistence (Cincotta et al., 2000; Seto
etal., 2012; Ives et al., 2016; Wintle et al., 2019), 24-h containment
for pet cats and no subsidised resources for feral cats are required
(Threatened Species Recovery Hub, 2020). Our research provides
evidence that supports this need. The success of urban cat
management initiatives is dependent largely upon community
support considering that policing them is both timely and costly,
and thus often under-funded and under-staffed (Legge et al,
2020a). However, to garner such support more research is required
to illustrate the impact of roaming cats across the 24-h period,
without focusing on predatory events alone, as beliefs about this
impact are divisive owing to lack of evidence that people may
encounter directly (MacDonald et al., 2015; van Eeden et al., 2021).
Here, we offer such an example, which may be better accepted by
the public through appealing to their empathy for fear/stress
effects. However, research on pet cat owner and community
responses to such an appeal is yet to be studied. Understanding
communities’ perceptions and including the community in wildlife
management decisions has been proven to increase community
support and the success of new initiatives (Bremner and Park,
2007). Pet cat management could aid in conservation success in
urban environments by reducing fear and stress impacts on
wildlife. With increasing environmental conscience over the years,
pet cat management has increased, for example in Australia, where
pet cat owner responsibility has slowly intensified via continual
small changes (McCarthy, 2005; Toukhsati et al., 2012; McLeod
etal, 2015; Hall et al., 2016; Linklater et al., 2019). Each change
was implemented following extensive research to support it
(Grayson and Calver, 2004; Denny and Dickman, 2010). Therefore,
further research into all aspects of how cats may impact wildlife in
urban environments, across the full 24-h period, better considering
the fear and stress impacts, should be undertaken to better educate
the community and help to influence people’s perception and
willingness to support cat management in urbanised areas.
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Conclusion

In conclusion, we provide evidence that roaming cat activity indeed
creates landscapes of fear for urban wildlife. This offers novel justification
for the need to increase cat management in urban areas, supporting 24-h
confinement and reducing feral cat resource support from the
community, by illuminating the fear and stress impacts that cats impose
on wildlife from their roaming activity alone. Through these impacts
vital behaviours like foraging and reproduction are redirected, which can
be detrimental to wildlife health (Moberg, 1991; Preisser et al., 2005,
2007). Aiding the community to consider different perspectives in cat
roaming impacts on wildlife may help to reduce any opposition to
community responsibility in managing urban cats. Further research into
fear and stress effects on wildlife from roaming cat activity in urban
environments is required on a diverse range of species to provide further
justification and support for changing community behaviour.
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