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Abstract
Context

Recent global concern over invertebrate declines has drawn attention to the causes and
consequences of this loss of biodiversity. Feral cats Felis catus pose a major threat to many

vertebrate species in Australia, but their effect on invertebrates has not previously been assessed.
Aims

The objectives of our study are to: (1) assess the frequency of occurrence (FOO) of invertebrates in
feral cat diets across Australia and the environmental and geographic factors associated with this
variation; (2) estimate the number of invertebrates consumed by feral cats annually and the spatial

variation of this consumption; and (3) interpret the conservation implications of these results.
Methods

From 87 Australian cat diet studies, we modelled the factors associated with variation in
invertebrate FOO in feral cat diet samples. We used these modelled relationships to predict the

number of invertebrates consumed by feral cats in largely natural and highly modified environments.
Key results

In largely natural environments, the mean invertebrate FOO in feral cat dietary samples was 39%
(95% Cl: 31%-43.5%), with Orthoptera the most frequently recorded Order, at 30.3% (95% Cl: 21.2%
- 38.3%). The highest invertebrate FOO occurred in lower rainfall areas with lower mean annual
temperature, and in areas of greater tree cover. Mean annual invertebrate consumption by feral
cats in largely natural environments was estimated to be 769 million individuals (95% Cl: 422-1,763
million) and in modified environments (with mean FOO of 27.8%) 317 million invertebrates year™,
giving a total estimate of 1,086 million invertebrates year* consumed by feral cats across the

continent.
Conclusions

The number of invertebrates consumed by feral cats in Australia is greater than estimates for
vertebrate taxa, although the biomass (and hence importance for cat diet) of invertebrates taken
would be appreciably less. The impact of predation by cats on invertebrates is difficult to assess due
to the lack of invertebrate population and distribution estimates, but cats may pose a threat to some

large-bodied narrowly restricted invertebrate species.
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Implications

Further empirical studies of local and continental invertebrate diversity, distribution and population
trends are required to adequately contextualise the conservation threat posed by feral cats to

invertebrates across Australia.

Short summary

Insect decline across the globe calls for urgent attention to conservation impacts from potential
threats. Feral cats consume substantial numbers of Australian birds, reptiles and mammals, but their
consumption of invertebrates and potential impacts on this group have not previously been
estimated. We found that feral cats consume more than 1 billion invertebrates per year in Australia,
with highest take in arid/semi-arid areas. The number of invertebrates eaten by cats is greater than
the number of mammals eaten, but being much smaller in body size, invertebrates contribute a
substantially smaller proportion of dietary biomass. The impacts of feral cats on invertebrates are
difficult to assess, due to the lack of abundance and distribution estimates for invertebrates across

Australia.
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Introduction

Invertebrates are the most numerous and diverse of all terrestrial and freshwater macrobiota on
Earth and thus contribute considerably to global biodiversity (Wilson 1987). Recent research has
demonstrated a global pattern of insect loss, with associated consequences for ecosystem function,
productivity and services (Fonseca 2009; Dirzo et al. 2014; Thomas 2016; Hallmann et al. 2017; Vogel
2017; Lister and Garcia 2018; Eisenhauer et al. 2019; Sanchez-Bayo and Wyckhuys 2019). Key threats
to invertebrates include anthropogenic disturbance, such as habitat degradation and loss, climate
change, invasive species, and broad-scale use of pesticides (Benton et al. 2002; Potts et al. 2010;
Thomas 2016; Sanchez-Bayo and Wyckhuys 2019). While invasive species are not recognised as the
primary driver of insect declines generally, some are responsible for profound ecological impacts on
invertebrate communities at both local and landscape scales, and on individual invertebrate species.
For example, invasive plants have negatively impacted many local invertebrate communities around
the globe (van Hengstum et al. 2014), invasive rodents have had devastating effects on many island
invertebrates (St Clair 2011), and introduced species (i.e., rats, goats, pigs, chameleons, snails, ants,
flatworms, and plants) have caused the extinction of hundreds of species within the Hawaiian land

snail family Amastridae (Régnier et al. 2015).

Australia is recognised globally for its diverse, endemic biota. With continental island-like
biogeography, introduced fauna has had devastating effects. Two invasive vertebrate predators, the
European red fox Vulpes vulpes and the domestic cat Felis catus, have been implicated in the decline
and extinction of many vertebrate species, particularly mammals (Woinarski et al. 2015). There are
an estimated 3.77 million pet cats in Australia (Animal Medicines Australia 2019), 0.7 million feral
cats in highly modified environments (‘stray’ cats), and between 1.4 and 5.6 million feral cats across
Australia’s natural environments (with this number varying in response to rainfall conditions) (Legge
et al. 2017). In recent reviews collating more than 100 cat diet studies across the continent, the
magnitude of consumption by cats was assessed for birds, reptiles and mammals in Australia
(Woinarski et al. 2017a; Woinarski et al. 2018; Murphy et al. 2019). Cats in Australia consume more
than 2 billion individuals from these vertebrate groups each year, with records of consumption
compiled for at least 59% of extant native mammals (170 species), 46% of birds (338 species) and
26% of reptiles (258 species), including many threatened species (Woinarski et al. 2017b; Woinarski
et al. 2018; Woolley et al. 2019). This possibly takes a substantial toll on Australian wildlife.

Australia’s invertebrates are poorly studied compared with its vertebrates, as is generally the case

around the world. Currently, most Australian invertebrate species remain undescribed and, of those
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that are described, the overwhelming majority lack an assessment of population trends and spatial
distribution (Braby 2019). Ten known invertebrate extinctions have occurred in Australia since
European settlement in 1788, and while there are many anecdotal indications of decline for many
additional invertebrate species, the limited extent of monitoring and limited knowledge of threats
renders it difficult to obtain definitive evidence for any overall change (Rix et al. 2017; Braby 2019;
Watts et al. 2019). Therefore, while there may be a decline in Australian invertebrate biodiversity,
there is little evidence of the direct causes of this potential decline overall or across individual
species. Sands (2018) highlighted the importance of habitat loss and disturbance, climate change,
and inadequate conservation policy and protected area legislation for Australian insect conservation.
Habitat loss was the most common threatening process that drove, or likely drove, the ten known
invertebrate extinctions in Australia, and four of the ten species were affected by invasives, e.g.,
introduced house mice Mus musculus were implicated in the extinction of Lord Howe ground weevil
Hybomorphus melanosomus, introduced weeds and snails were implicated in the extinction of
Geraldton land snail Bothriembryon whitleyi, and introduced snails and slugs were implicated in the
extinction of Helicarionid land snail Helicarion castanea and the Albany carnivorous snail Occirhenea

georgiana (Braby 2019).

Although considered a key threat to many vertebrate species, the potential impact of predation by
cats on invertebrates across Australia has not previously been considered. This focus on assessment
of the impacts of cat predation on vertebrate conservation, but not on invertebrate conservation, is
almost pervasive in cat dietary studies, and in response Eisenhauer (2018) urged complementary
consideration of the incidence and impacts of cat predation on invertebrate species: our assessment

here is stimulated in part by this call.

Feral cats now occupy the entire continent of Australia and many off-shore islands (Abbott 2008;
Legge et al. 2017) and the magnitude of the take of invertebrate prey by this invasive predator may
be of conservation significance. In a previous review of feral cat diet across Australia, Doherty et al.
(2015) found that feral cats consumed invertebrates most frequently of all the prey groups
considered, with greatest invertebrate consumption associated with harsher environmental
conditions, i.e. lower rainfall and productivity. Here we use a larger set of sources to revisit that
review, but focus our attention on invertebrates rather than all taxonomic groups. We therefore aim
to: (1) assess the frequency of occurrence of invertebrates (in total and the frequency for main
invertebrate groups) in feral cat diet across Australia and the environmental and geographic factors

associated with this variation; (2) estimate the number of invertebrates (in total and numbers for
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main invertebrate groups) consumed by feral cats annually and the spatial variation of this
consumption; and (3) interpret the potential conservation implications of these results. We present
estimates of the number of invertebrates consumed by feral cats in both largely natural and highly
modified environments, but do not present such an estimate for pet cats because no relevant

studies have reported the quantities of invertebrates consumed by these animals.

Methods
Our analysis follows Woinarski et al. (2017a), Woinarski et al. (2018) and Murphy et al. (2019)
where, respectively, the numbers of birds, reptiles and mammals killed by cats in Australia were

assessed.

Collation of studies

We collated data from 87 dietary studies (58 published and 29 unpublished, Table S1) across
Australia that quantitatively assessed the frequency of occurrence (FOO) of invertebrates in feral cat
scat or stomach samples (Fig. 1). Because some studies reported data for separate sub-sites or
conditions at the same study location, our observations (102) exceed the number of studies assessed

(87) and comprise a total of 10,241 scat and stomach samples of feral cat diet (Table S1).

Although in at least some Australian environments invertebrate abundance may vary markedly
among seasons, and the occurrence of invertebrates in the diets of predatory mammals may
correspondingly show marked seasonal variation (Green and Osborne 1981), we do not consider
seasonal variation in feral cat diet, because many of the studies collated here spanned several
seasons, and/or the time of year covered by the sampling was not specified. Furthermore, we do not
include year because a consistent directional trend in diet over decadal scales is implausible (studies

were conducted between 1969 and 2019).

Most studies did not report invertebrate taxa to species level, therefore we grouped occurrence
records into the following broad invertebrate categories: ants (Formicidae) and termites (Isoptera);
beetles (Coleoptera); butterflies and moths, including caterpillars (Lepidoptera); centipedes
(Chilopoda); cicadas and other Hemiptera (Hemiptera); cockroaches (Blattodea), crickets and
grasshoppers (Orthoptera); crustaceans (Crustacea); dragonflies (Odonata); flies, but excluding
maggots (Diptera); mantids (Mantodea); phasmids (Phasmatodea); scorpions (Scorpionida); spiders

(Araneae); wasps (Aculeata); and ‘other’ or ‘unidentified’.
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We recognise that there are many potential sources of bias in the examination of cat stomach or
scat samples for invertebrates. A bias toward under-reporting of invertebrate taxa is likely where
those taxa are soft-bodied or easily digestible and leave little or no trace within a stomach or scat,
e.g., spiders, molluscs, caterpillars. The number of invertebrates in a scat sample is also more likely
to be underestimated if many of the same invertebrates were ingested together and if the
invertebrate species was small-bodied (Dickman and Huang 1988). Furthermore, the occurrence of
some invertebrates in cat dietary samples may arise from incidental consumption (e.g., of maggots

within carrion) rather than deliberate take by cats of invertebrate prey.

The quality of invertebrate assessments may also be affected by observer effort and high variability
among studies, such as variations in observer commitment to search for tiny fragments of
invertebrate remains in each sample. High effort studies may therefore report higher invertebrate
frequencies in cat diet. We suspect that many of the studies we assembled had primary interest in
the detection of vertebrates (especially threatened mammal species) in cat dietary samples, and
may have been less diligent in comprehensive recording of collateral invertebrate presence. We
assume accurate identification of invertebrate groups, but acknowledge that this would vary
depending on observer experience and the difficulty associated with identification of invertebrate
body fragments. Overall, due to a large bias toward under-reporting in the studies we collated, we

consider the estimates we derive to be conservative.

Variation in frequency of occurrence of invertebrates in feral cat diet

Environmental and geographic factors potentially associated with variation in FOO of invertebrates
(and invertebrate groups) across Australia were evaluated using generalised linear models (GLMs)
with a binomial error structure and logit link, which is appropriate for proportion (frequency) data
and weighted according to study sample size. All statistical analyses were run using the statistical
software R (ver. 3.6.1; R Core Team 2019). From the location of each study, we determined mean
annual temperature (Australian Bureau of Meteorology 2019a), mean annual rainfall (Australian
Bureau of Meteorology 2019b), mean tree cover within a 5km radius (Hansen et al. 2003) and
topographic ruggedness (standard deviation of elevation within a 5km radius) (Jarvis et al. 2008). We
derived a composite variable to express whether a study was located on an island or the mainlands
of Australia or Tasmania, combined with the size of the island (in km?), as per Woinarski et al.

(2017a), Woinarski et al. (2018) and Murphy et al. (2019):

island size index = log10 (minimum {1, goeglo}),
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where area is island area in km?2. The Australian and Tasmanian mainlands (area 210,000 km?) have
an index of 0, while islands <10,000 km? (which encompasses all Australian islands smaller than
Tasmania) have negative values, which became increasingly negative with decreasing island area.
We also scored a factor to indicate whether or not a study occurred in a modified environment (i.e.,
rubbish dumps, semi-urban areas) and included this factor in all models to control for modified
environments. To allow non-linear trends, all variables were included as quadratic or polynomial

terms in GLMs.

We used a model-averaging approach to evaluate relative variable importance from a set of models
representing all variable combinations, as well as an interaction term between rainfall and
temperature (R package MuMIn: Barton 2019). Each model was weighted according to Akaike
weight (w;), equivalent to the probability of a particular model being the best in the candidate set,
and based on a second order form of Akaike Information Criteria for small sample size, QAIC,, used
instead of AIC. when models are overdispersed (Burnham and Anderson 2003). Full model-averaged
coefficients were derived from a 95% confidence model set (i.e., cumulative wi= 0.95) to predict

invertebrate FOO in feral cat diet across Australia.

Number of invertebrates consumed by feral cats in largely natural environments

Most of the collated studies reported frequency rather than the number of individual invertebrates
in each sample. However, in 20 studies (Table S2), tallies were given for the number of individual
invertebrates in those samples that contained invertebrates. Exploratory analysis indicated no
significant difference between invertebrate FOO derived from scat and stomach samples. However,
it is often difficult to accurately account for (count) individual invertebrates from remnants of body
parts or chitinous exoskeletal remains in scats whereas whole invertebrate individuals may be
present in stomach contents (Dickman and Huang 1988). Therefore, we used only studies of stomach
samples (n=16, Table S2) to examine the relationship between the number of individuals per sample
and the frequency of occurrence of invertebrates in diet studies. Invertebrate counts in these studies
were based upon the number of whole individuals, as well as identifiable body parts that could be
attributed to a single individual, e.g. two wings. We modelled the relationship between the number
of individual invertebrates per sample and the FOO of invertebrates in each dietary study using a
linear least-squares regression model. This model was used to predict the mean number of
individual invertebrates per dietary sample that contained invertebrates. Note that these tallies

assume that all invertebrate individuals consumed by a cat are not so digested as to be
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unrecognisably distinct: it is plausible, and indeed quite likely, that observers may have under-

counted the actual number of invertebrates within examined cat stomachs.

The number of invertebrates consumed by feral cats km day™® was calculated as the product of: (1)
feral cat density projected across Australia, based on about 100 local estimates of cat densities
(Legge et al. 2017); (2) modelled invertebrate FOO in feral cat diet samples across Australia; and (3)
the predicted number of individual invertebrates in samples that contained invertebrates. As a
caveat, we note that one recent study (Rees et al. 2019), in a dense temperate forest, concluded
that local cat density was appreciably higher than the national modelling of Legge et al. (2017)
predicted, perhaps in part reflecting the sparse data base from this environment available to Legge
et al. (2017). The three chains of analysis described above provided a spatial representation of the
number of invertebrates consumed by feral cats per day, and when multiplied by 365.25 (days in a
year) provided a spatial representation of the number of invertebrates consumed by feral cats km™
year. We estimated uncertainty by simultaneously bootstrapping (20,000 times) the three
underlying datasets (1-3 above) following the approach used by Loss et al. (2013). For each random
selection of these underlying data, we recalculated the total number of invertebrates consumed and

report the 2.5% and 97.5% quantiles for these 20,000 values.

Number of invertebrates consumed by feral cats in highly modified landscapes

Only seven studies were conducted in highly modified environments, including peri-urban areas and
rubbish dumps (Table S1). This small sample size did not allow for reliable assessment of spatial
variability as for feral cats in natural environments; therefore we used mean invertebrate FOO
across these seven studies, multiplied by the expected number of individuals in cat samples with
that frequency, and then multiplied by the density (and hence population size) of feral cats in these
environments, as estimated by Legge et al. (2017). We compared this calculated estimate with that
obtained from feral cat studies in largely natural environments using a Mann-Whitney U-test, but
note that the small sample size from highly modified environments constrains the reliability of such

comparisons.

Comparison of frequency of invertebrates in feral cat diet with that of other co-occurring mammalian
predators

Studies from our collation that included comparative sampling of co-occurring feral cat, fox and
dingo (including wild dog) Canis familiaris/dingo diets (n=27, Table S3) were used to compare

invertebrate FOO between co-occurring predators using Wilcoxon matched-pairs tests.
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Results

Feral cats in largely natural environments

Based on 87 reports from largely natural environments in Australia, the mean FOO of invertebrates
in feral cat diet was 39% (95% Cl: 31-43.5%), but ranged across studies from 0 to 100% (Table S1).
Highly influential variables predicting invertebrate FOO in feral cat diet across Australia were mean
annual rainfall (interacting with mean annual temperature), and tree cover (Table 4, Fig. 2), with
FOO not significantly different in island and continental samples. A higher frequency of invertebrates
occurred in feral cat diet in lower rainfall areas with lower mean annual temperature (Fig. 2a).
Invertebrate FOO did not vary with rainfall when the mean annual temperature was above 26°C (Fig.
2a). Invertebrate FOO increased with tree cover, but peaked at intermediate tree cover (40 — 60%)
(Fig. 2b). These modelled relationships were used to project the frequency of occurrence of

invertebrates in feral cat diets across Australia (Fig. 3a).

The number of individual invertebrates present in cat scats or stomachs was significantly positively
correlated with invertebrate FOO (Fig. 4). Thus, a study reporting a high frequency of invertebrates
in the samples analysed was also likely to report that each of those samples with invertebrates

included many individual invertebrates.

From these FOO values, the numbers of invertebrates in cat samples, and the numbers of feral cats,
we calculated that, in an average year, the number of invertebrates consumed by feral cats across
largely natural environments in Australia is 769 million (95% Cl: 422—-1,763 million), i.e. 101
invertebrates km2 year (Fig. 3b). Thus, feral cats in largely natural environments consume about 2.1

million invertebrates day™, with an average individual feral cat eating about 371 invertebrates year™.

Feral cats were reported to consume invertebrates from many taxonomic groupings, but very few
studies reported identifications to species level (Table S2). From dietary studies that categorised
invertebrates by taxonomic group, Orthoptera (crickets and grasshoppers, 30.3% [95% Cl: 21.2—
38.3]), Chilopoda (centipedes, 7.9% [4.4-10.6]), Coleoptera (beetles, 7.3% [5.2—-12.2]), Arachnida
(spiders, 4.9% [2.3-6.5], scorpions, 1.6% [0.8—2.2]) and Lepidoptera (butterflies and moths, 1.9%
[1.0-5.1]) occurred most frequently in cat diets. There was substantial variation among studies
depending largely on the highly influential variables rainfall, tree cover and topographic ruggedness.

A decrease in Orthoptera and Chilopoda FOO was observed with increasing ruggedness and tree

10
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cover respectively (Fig. 5a, b). An increase in Coleoptera FOO was observed in areas of low rainfall,

and in areas with intermediate (20-30%) and greatest (= 60%) tree cover (Fig. 5c, d).

The total number of individual invertebrates consumed per year was highest for Orthoptera (472
million year? [95% Cl: 221-1,061 million]), Coleoptera (65 million year? [40-434 million]), Chilopoda
(64 million year™ [32—151 million]), Arachnida (spiders, 39 million year™ [17—115 million], scorpions,

13 million year™ [7-34 million]) and Lepidoptera (14 million year® [8-158 million]).

Feral cats in highly modified environments

On the basis of seven studies conducted in highly modified environments in Australia (Table S1),
317.3 million invertebrates year® were estimated to be consumed by feral cats (where the mean
invertebrate FOO across the seven studies [27.8%] was multiplied by the expected number of
individuals in samples with that frequency of invertebrates [4.34, Fig. 4], the number of days in a
year [365.25], and by total feral cat population size in modified environments [0.72 million, Legge et
al. 2017]). Combined with estimates of consumption by feral cats in largely natural environments,
this gives a total estimate of 1,086 million invertebrates year® consumed by feral cats across the

continent.

The mean invertebrate FOO in feral cat diet from seven studies in modified habitats (28%) was not
significantly different from the mean estimate of invertebrate FOO in largely natural environments

(mean 39%; Mann-Whitney U-test, z=0.11, P = 0.45).

Comparison of frequency of invertebrates in feral cat diet with that of other co-occurring mammalian
predators

From 14 studies reporting the dietary composition of co-occurring cats and dingos (Table S3),
invertebrate FOO was significantly lower in dingo diet (mean + SE, 11.5 + 2.6%) than cat diet (32.6 £
6.4%) (Wilcoxon matched-pairs test, z=0.79, P = 0.003). From 18 studies of co-occurring cat and fox
diet (Table S3), invertebrate FOO was significantly higher in fox than cat diet (47.7 £ 5.9% and 34.6 +
4.4% respectively) (z = 0.70, P = 0.003).

Discussion
The number of invertebrates consumed by feral cats annually in Australia is greater than the number
of mammals consumed, the feral cat’s dominant prey group (i.e., 1.1 billion invertebrates [95% Cl:

422-1,763 million] vs. 815 million mammals [530-1,414 million]). In terms of comparative biomass,

11
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however, substantially smaller body size of invertebrates than mammals results in invertebrates
contributing far less to total feral cat dietary biomass than mammals. Most of our collated studies
reported that invertebrates were found frequently in feral cat diet but contributed a much smaller

proportion of dietary biomass per sample.

Mammals occur much more frequently than invertebrates in the diet of feral cats across the
continent (mean frequency of occurrence: 70%, Murphy et al. 2019), with invertebrate FOO (39%,
current study; 36% Doherty et al. 2015) being similar to that of birds (32%, Woinarski et al. 2017a;
27% Doherty et al. 2015) and reptiles (26%, Woinarski et al. 2018; 24% Doherty et al. 2015).
Although far less frequent than mammals, invertebrate individuals per dietary sample amount to
triple (average of 4.3 individuals) that of mammals (average of 1.4 individuals) reported per dietary
sample: i.e. individual cats consuming invertebrates may take several or many individuals per day.
The average number of individual birds and reptiles consumed by cats per day is similar to that of
mammals (1.3 and 1.9 individuals respectively, Woinarski et al. 2017a; Woinarski et al. 2018).
Therefore, there is a comparatively lower yearly average of individual birds (272 million [169-508
million]) and reptiles (466 million [271-1,006 million]) consumed by cats compared with

invertebrates (1.1 billion).

Our study collates much primary data, from about 100 local studies of cat density, and nearly 90
studies of the diet of feral cats (with collectively 10,675 cat dietary samples). It is a very substantial
foundation, but we acknowledge caveats in the data and its interpretation, particularly in
extrapolating to national scale estimates of total consumption by cats of invertebrates. For example,
the primary studies of cat density and of cat diet collated here include only limited sampling of some
environments, such as wet temperate forests (Rees et al. 2019). Furthermore, we cannot be certain
that all of the researchers who reported on the contents of their cat dietary samples searched
comprehensively for invertebrates: in some cases, their interest may have been more focused on the

detection of threatened mammals in the diet of the cats they examined.

Nonetheless, there are no other continents with as many studies of feral cat density and diet
(especially those that report consumption of invertebrates) as Australia. This adds robustness to our
assessment, but makes inter-continental comparisons difficult. There have been many attempts to
guantify the impacts of feral cats on the vertebrates of continental and island mainlands (Loss and
Marra 2017) and other parts of the world (e.g., New Zealand: Gillies 2001; U.K.: Woods et al. 2003;
Canada: Blancher 2013; U.S.A.: Loss et al. 2013; Japan: Shionosaki et al. 2015; Australia: Woinarski et

12
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al. 2017a, 2018; Murphy et al. 2019). Few (mostly focal) studies report invertebrate consumption
(e.g., New Zealand: Gillies 2001; U.K.: Woods et al. 2003; Hungary: Biré et al. 2005; Brazil: Campos et
al. 2007; Canary Islands: Medina and Garcia 2007). It is difficult to extend comparisons from focal
studies to continental reviews, as the frequency of invertebrate occurrence in the diet of feral cats
can vary considerably between studies, e.g., 0.4% in Hungary (Biré et al. 2005), 69% in New Zealand

(Gillies 2001), as it did among the component studies (from 0 to 100%) in our composite sample.

An analysis of multiple focal studies across the globe showed invertebrates are widely reported as
important components of cat diet and comprise a large proportion of cat foraging activity budgets
(Pearre and Maass 1998). Cat trophic niche breadth was found to be greater at low latitudes,
primarily due to the frequent inclusion of invertebrates in these regions and during warmer seasons
when invertebrates are most available (Pearre and Maass 1998). Many studies reporting high rates
of predation by cats on invertebrates (e.g., Gillies 2001; Campos et al. 2007; Medina and Garcia
2007) concede that this is likely because invertebrates are small-bodied and may be most abundant,
while those reporting low or no predation (e.g., Woods et al. 2003; Bir6 et al. 2005) highlight

considerable variability among individual cats and occasional feeding specialisation.

Bonnaud et al. (2010) reviewed feral cat diet on islands worldwide and reported that mammals
(primarily rodents and rabbits) were the dominant prey of feral cats, while birds, reptiles and
invertebrates were consumed less frequently. However, consumption of invertebrates generally
tracked availability, with increased frequency in feral cat diet on tropical and subtropical islands
(mean frequency ~35%), where invertebrates are assumed to occur in relatively higher abundance
based on latitudinal gradients of species richness. Similarly, a recent study of feral cat diet across the
New Caledonia archipelago found that feral cats preyed upon many of the endemic fauna of this
biodiversity hotspot and consumed a diverse invertebrate prey ranging from small-bodied cicadas to
large crustaceans, at an overall average dietary frequency of 35.2% (Palmas et al. 2017).
Invertebrates were consumed most frequently in highly productive habitats on these islands during
the wet season when invertebrate abundance increased. However, in low productivity habitats feral
cats relied on invertebrates during the dry season when preferred prey was less abundant (Palmas et
al. 2017). The perceived impact of feral cats on island wildlife has motivated several cat eradication
efforts, and although invertebrates were typically not the primary taxa targeted for monitoring post-
eradication, some positive benefits of mammalian predator (including feral cat) eradication to

invertebrate populations on islands have been reported (e.g., Jones et al. 2016; Schori et al. 2018).
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At a continental scale, the impact of feral cat consumption on total invertebrate abundance in
Australia is difficult to assess, due to the lack of invertebrate population estimates (current and
historical) and the many undescribed species present (Sands 2018; Braby 2019), and most
importantly, the lack of controlled experiments addressing this issue. As a broad estimate, there are
possibly around 320,000 invertebrate species in Australia, of which more than 70% are undescribed
or undiscovered (Chapman 2009; Braby 2018). While it may be reasonable to assume that feral cat
consumption may not amount to a substantial proportion of the (unknown) total number of
individual invertebrates present at any one time across the continent, we acknowledge that we
provide a conservative estimate of consumption due to a bias toward under-reporting of
invertebrate taxa in cat dietary studies associated with the identification of tiny fragments of
invertebrate body parts within scats or stomachs (Dickman and Huang 1988). This bias is confirmed
by the high incidence of invertebrate (primarily Orthopteran and Hemipteran insect) consumption
by cats in a study using cat-borne cameras (Hernandez et al. 2018). Concerns over targeted

predation on particular taxonomic groups or species may well be pertinent.

With concern over global invertebrate declines, especially of larger-bodied insects of the order
Orthoptera, Coleoptera and Lepidoptera (Dirzo et al. 2014), which were found here to be the
favoured invertebrate prey groups of the feral cat in Australia, the impact of cat predation, either
singly or in combination with other factors, on these invertebrate groups should not be dismissed. In
our analysis, a high frequency of invertebrates in feral cat diets was associated with a
correspondingly high number of individual invertebrates present in cat scats or stomachs sampled.
Being opportunistic, a cat may take many invertebrates during any one predation event, and
individual cats may specialise on particular prey types (Dickman and Newsome 2015), including
some invertebrate species or groups. For example, among the studies we collated here, many found
a high number of invertebrates in a single sample, for example 40 wingless grasshoppers
Phaulacridium vittatum in a single cat stomach from Great Dog Island (Hayde 1992), 13 scorpions in
a stomach from the Pilbara, WA (Martin et al. 1996), 54 Lepidoptera and four Odonata in one
stomach in Fitzgerald River National Park, WA (O'Connell 2010), and an extraordinary 400
grasshoppers in one stomach from Witchelina Nature Reserve, SA (Woinarski et al. 2017c). This type
of opportunistic predation may have a substantial impact if a cat focuses its search image and
predation effort upon invertebrate taxa with a restricted or small population, such as short-range
endemics. Many Australian species of subterranean invertebrates, gastropods, schizomids,
myriapods, freshwater crustaceans, cicadas, centipedes, scorpions and mygalomorph spiders are

considered short-range endemic invertebrates and are primarily limited by low fecundity, poor
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dispersal and a high degree of habitat specificity resulting in restricted distribution, rarity, and thus
increased extinction risk (Harvey et al. 2011). Due to these characteristics, short-range endemics are
highly threatened by habitat loss, habitat degradation and climate change (Harvey et al. 2011).
Intense predatory pressure on short-range endemic invertebrates can have considerable detrimental
impacts and compound extinction risk when acting synergistically with other key threats, e.g.
predation on short-range endemic mygalomorph spiders in Perth, Australia, greatly exacerbated
population decline due to habitat loss, invasive grasses and fire (Mason et al. 2018; Mason et al.

2019).

Of the 65 invertebrate species currently listed as threatened under the Australian Government’s
Environment Protection and Biodiversity Conservation Act, 1999, none have the feral cat listed as a
threat, but commonly identified key threats include anthropogenically-induced factors such as
habitat destruction and degradation due to urbanisation and agriculture, altered fire regimes,
invasive species (mostly weeds), and climate change (Sands 2018; Taylor et al. 2018). Eastern
Tasmania and many Australian islands have the greatest number of listed threatened invertebrates,
with islands like Lord Howe and Norfolk Island particularly affected by anthropogenic disturbance
and invasive species such as the black rat Rattus rattus (Priddel et al. 2003; Cresswell and Murphy
2016; Pickrell 2019). Although we did not find any variation in frequency of occurrence of
invertebrates in cat diets on islands relative to the mainland, many Australian islands have up to
threefold higher feral cat densities than the mainland (Legge et al. 2017; Taggart et al. 2019), with
correspondingly higher overall predation pressure: this increased cat population density, and hence
predation pressure, is magnified on smaller islands (Legge et al. 2017). Cat density on islands is often
related to the seasonal abundance of seabirds and their breeding colonies, after which cats switch to
other prey types, including invertebrates (Beh 1995). The synergistic effect of feral cat predation,

particularly on range-restricted endemic island invertebrates, should be considered and evaluated.

In many cases, invertebrates officially listed as threatened are ‘iconic’ or ‘charismatic’ species, with a
strong listing bias towards butterflies, spiders, molluscs, and beetles (Taylor et al. 2018), partly due
to greater taxonomic knowledge of these groups, relatively higher public profile, or individual
proponents advocating for their conservation (Cardoso et al. 2011; Braby 2018). Somewhat
distinctive invertebrate groups (e.g., crickets, grasshoppers, centipedes, beetles, butterflies and
moths, scorpions and spiders) were also those found here to be reported most frequently in feral cat
diets, with preponderance of Orthoptera, Coleoptera and Lepidoptera among invertebrates in cat

diet similarly reported in several studies globally (Eisenhauer 2018). Whether this is an accurate
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representation of predation by cats, or the result of greater ease of identification of these
invertebrates is unknown. If accurate, this raises concern over an insufficiently recognised potential

impact by feral cats on larger-bodied invertebrates (Eisenhauer 2018).

Of all the invertebrate taxonomic groups reported in feral cat dietary studies across Australia,
Orthoptera (crickets and grasshoppers) were the most frequent (30.3%) and the most numerous
(472 million individuals consumed year™) group in feral cat diet. Australia is home to an abundance
of orthopteroid insects that generally occur across all terrestrial habitats (Rentz 1996), which is
reflected in this invertebrate prey group being most commonly consumed by feral cats across the
continent. Topographic ruggedness was the strongest predictor of the frequency of Orthoptera in
feral cat diet, with a decline in frequency with increasing ruggedness. Most dietary studies
conducted in topographically rugged areas were those associated with mountainous or escarpment
areas, such as in Kosciusczko National Park, NSW (Watson, 2006), Barrington Tops National Park,
NSW (Glen et al. 2011) and the Eastern Highlands, Vic (Jones and Coman 1981). Orthopteran
populations are strongly regulated by climate, both directly through effects on life-history traits and
indirectly through resource availability (Jonas et al. 2015; Yadav et al. 2018). Irruptive surges in
Orthopteran abundance are commonly associated with seasonal temperature increases and snow-
free months in mountainous alpine or sub-alpine environments (Green 2003) and feral cat
consumption can track these surges. Overall, the invertebrate consumption rate by feral cats in
these environments is severely limited by the restricted temporal window of invertebrate

availability.

The most substantial consumption of invertebrates by feral cats in Australia occurred in arid and
semi-arid areas, at similar frequency to that of reptiles in feral cat diets in these areas (aprox. 60%,
Woinarski et al. 2018). Arid-dwelling mammals have shown the highest rates of decline and
extinction over the last 200 years (Woinarski et al. 2015), and mammals occurring in low rainfall
areas and falling within the ‘critical weight range’ (35-5500 g, Burbidge and McKenzie 1989) were
found to have the greatest likelihood of being preyed upon by feral cats (Woolley et al. 2019). It is
therefore likely that consumption of invertebrates and reptiles supports cat populations in arid
areas, where mammals are now scarce, especially during dry periods between rainfall-driven booms
(e.g., Paltridge et al. 1997). This pattern of highest dietary frequency of invertebrates and reptiles in
feral cat diets in arid Australia was also reported in a previous continental-scale review of feral cat
diet (Doherty et al. 2015), as well as many focal arid zone feral cat dietary studies (Catling 1988;
Paltridge et al. 1997; Yip et al. 2015; Woinarski et al. 2017c; Read et al. 2019).
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Australia’s three main mammalian predators, the cat, European red fox and dingo, are flexible,
opportunistic predators and are known to adjust their diet to varying degrees when preferred
mammalian prey fluctuates and other prey groups become available or more abundant, for example
during productivity pulses (‘boom’ or ‘bust’ periods) in arid regions (Paltridge 2002; Pavey et al.
2008; Yip et al. 2015; Spencer et al. 2017; Tatler et al. 2019). Invertebrate abundance has been
shown to vary markedly with resource pulses in arid Australia, but dynamic taxon-specific responses
buffer against the complete disappearance of invertebrates (Kwok et al. 2016; Gibb et al. 2019).
Although most focal studies report low dietary overlap between feral cats and the dingo (Doherty
2015; Woinarski et al. 2017c), an analysis of dingo dietary records across Australia reported the
highest frequencies of occurrence of invertebrates and reptiles in arid and semi-arid regions of
Australia (Doherty et al. 2019). There is typically high dietary overlap between cats and foxes when
analysed at a local scale, and high invertebrate predation has previously been reported in fox diets in
local arid zone studies (e.g., Palmer 1995; Woinarski et al. 2017c). We found a slightly higher
frequency of invertebrates in fox diets when compared with feral cat diets across a subset of our
collated studies that assessed the diets of co-occurring mammalian predators, but a continental-
scale review of fox diet is required to draw broad comparisons between cat and fox diet across the
continent. The similarity in frequency of invertebrates in predator samples from low rainfall regions
of Australia’s interior is therefore likely to reflect prey availability rather than a difference in
predator selectivity per se. For example, Mifsud and Woolley (2012) describe the emergence of
centipedes from cracks in the ground following rainfall events in the arid/semi-arid Mitchell Grass
Downs region, Qld, and an associated peak in centipede predation by feral cats and foxes during that

time.

To fully appreciate the impact of the feral cat in Australia, we recognise the need for future
conservation studies of Australian invertebrates (Braby 2018; Taylor et al. 2018; Braby 2019). Where
possible, monitoring programs should endeavour to include invertebrate assessments, given that
invertebrates are generally very diverse and highly endemic, they dominate the animal biodiversity
of the continent, and they drive many important ecosystem processes (Cranston 2010; Rix et al.
2017; Andersen et al. 2018). Global concerns over invertebrate decline place a distinct focus on the
need to address and estimate invertebrate conservation and biodiversity in Australia, including on
the relative impacts of their putative threats (Braby 2019). Notably, although our estimates of
invertebrate consumption by feral cats are conservative, the contribution of the feral cat to a decline

in total invertebrate abundance in Australia is unlikely. However, targeted cat predation on
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populations of short-range endemic invertebrate species may threaten some of these species and

contribute substantially to localised decline and changes in community composition.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

The data collation, analysis and preparation of this paper was supported by the Australian
Government’s National Environmental Science Program through the Threatened Species Recovery
Hub. We thank two anonymous reviewers who provided valuable comments on the manuscript. We
appreciate the dedicated effort of the many people who have searched for and through cat faeces
and stomachs to identify tiny fragments of invertebrates, without which this compilation would not

have been possible.

Supplementary material

Supplementary Table S1 provides a list of published and unpublished studies reporting the frequency
of occurrence of invertebrates in the diet of feral cats in Australia and the environmental and
geographic factors associated with each study site.

Supplementary Table S2 provides the frequency of occurrence of invertebrates in feral cat dietary
studies by invertebrate family and the total number of individuals consumed.

Supplementary Table S3 provides a comparison of the frequency of occurrence of invertebrates in
dietary samples from studies of three co-occurring mammalian predators in Australia; the feral cat,

European red fox, and dingo.

References
Abbott, I. (2008). The spread of the cat, Felis catus, in Australia: re-examination of the current

conceptual model with additional information. Conservation Science Western Australia 7, 1-17.

Andersen, A. N., Hoffmann, B. D., and Oberprieler, S. (2018). Diversity and biogeography of a
species-rich ant fauna of the Australian seasonal tropics. Insect Science 25, 519-526. doi:

10.1111/1744-7917.12402.

Animal Medicines Australia (2019). Pets in Australia: A national survey of pets and people. (Animal

Medicines Australia: Canberra.)

18



553
554

555
556

557
558

559
560

561
562
563

564
565
566

567
568

569
570
571

572
573

574
575

576
577
578

579
580

Australian Bureau of Meteorology (2019a). Average annual and monthly maximum, minimum and

mean temperature. http.//www.bom.gov.au/jsp/ncc/climate_averages/temperature/index.jsp.

Australian Bureau of Meteorology (2019b). Average annual, seasonal and monthly rainfall.

http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp.

Barton, K. (2019). MuMIn: Multi-Model Inference. R package version 1.43.6. https://CRAN.R-

project.org/package=MuMin.

Beh, J. C. L. (1995) The winter ecology of the feral cat, Felis catus (Linnaeus 1758), at Wedge Island,

Tasmania. B.Sc. (Hons.) thesis, University of Tasmania, Hobart.

Benton, T. G., Bryant, D. M., Cole, L., and Crick, H. Q. P. (2002). Linking agricultural practice to insect
and bird populations: a historical study over three decades. Journal of Applied Ecology 39, 673-687.
doi: 10.1046/j.1365-2664.2002.00745.x.

Bird, Z., Lanszki, J., Szemethy, L., Heltai, M., and Randi, E. (2005). Feeding habits of feral domestic
cats (Felis catus), wild cats (Felis silvestris) and their hybrids: trophic niche overlap among cat groups

in Hungary. Journal of Zoology 266, 187-196. doi: 10.1017/50952836905006771.

Blancher, P. (2013). Estimated number of birds killed by house cats (Felis catus) in Canada. Avian

Conservation and Ecology 8, 3. doi: 10.5751/ACE-00557-080203.

Bonnaud, E., Medina, F. M., Vidal, E., Nogales, M., Tershy, B., Zavaleta, E., Donlan, C. J., Keitt, B., Le
Corre, M., and Horwath, S. V. (2010). The diet of feral cats on islands: a review and a call for more

studies. Biological Invasions 13, 581-603. doi: 10.1007/s10530-010-9851-3.

Braby, M. F. (2018). Threatened species conservation of invertebrates in Australia: an overview.

Austral Entomology 57, 173-181. doi: 10.1111/aen.12324.

Braby, M. F. (2019). Are insects and other invertebrates in decline in Australia? Austral Entomology

58, 471-477. doi: 10.1111/aen.12411.

Burbidge, A. A. and McKenzie, N. L. (1989). Patterns in the modern decline of western Australia's
vertebrate fauna: Causes and conservation implications. Biological Conservation 50, 143-198. doi:

https://doi.org/10.1016/0006-3207(89)90009-8.

Burnham, K. P. and Anderson, D. R. (2003) 'Model Selection and Multimodel Inference: A Practical

Information-Theoretic Approach.' (Springer: New York.)

19



581
582
583

584
585
586

587
588
589

590
591

592
593

594
595
596

597
598

599
600
601

602
603

604
605

606
607
608
609
610

Campos, C. B., Esteves, C. F., Ferraz, K. M. P. M. B., Crawshaw Jr., P. G., and Verdade, L. M. (2007).
Diet of free-ranging cats and dogs in a suburban and rural environment, south-eastern Brazil. Journal

of Zoology 273, 14-20. doi: 10.1111/j.1469-7998.2007.00291 ..

Cardoso, P., Erwin, T. L., Borges, P. A. V., and New, T. R. (2011). The seven impediments in
invertebrate conservation and how to overcome them. Biological Conservation 144, 2647-2655. doi:

https://doi.org/10.1016/j.biocon.2011.07.024.

Catling, P. C. (1988). Similarities and contrasts in the diets of foxes, Vulpes vulpes, and cats, Felis
catus, relative to fluctuating prey populations and drought. Wildlife Research 15, 307-317. doi:
https://doi.org/10.1071/WR9880307.

Chapman, A. D. (2009) 'Numbers of living species in Australia and the world.' (Australian Biological

Resources Study: Canberra.)

Cranston, P. S. (2010). Insect biodiversity and conservation in Australasia. Annual Review of

Entomology 55, 55-75. doi: 10.1146/annurev-ento-112408-085348.

Cresswell, I. D. and Murphy, H. (2016). Biodiversity: Terrestrial plant and animal species:
Invertebrates. In 'Australia state of the environment 2016'. (Australian Government Department of

the Environment and Energy: Canberra.)

Dickman, C. R. and Huang, C. (1988). The reliability of fecal analysis as a method for determining the
diet of insectivorous mammals. Journal of Mammalogy 69, 108-113. doi: 10.2307/1381753.

Dickman, C. R. and Newsome, T. M. (2015). Individual hunting behaviour and prey specialisation in
the house cat Felis catus: implications for conservation and management. Applied Animal Behaviour

Science 173, 76-87. doi: 10.1016/j.applanim.2014.09.021

Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B., and Collen, B. (2014). Defaunation in
the Anthropocene. Science 345, 401-406. doi: 10.1126/science.1251817.

Doherty, T. S. (2015). Dietary overlap between sympatric dingoes and feral cats at a semiarid

rangeland site in Western Australia. Australian Mammalogy 37, 219-224. doi: 10.1071/AM14038.

Doherty, T. S., Davis, N. E., Dickman, C. R., Forsyth, D. M., Letnic, M., Nimmo, D. G., Palmer, R.,
Ritchie, E. G., Benshemesh, J., Edwards, G., Lawrence, J., Lumsden, L., Pascoe, C., Sharp, A., Stokeld,
D., Myers, C., Story, G., Story, P., Triggs, B., Venosta, M., Wysong, M., and Newsome, T. M. (2019).
Continental patterns in the diet of a top predator: Australia's dingo. Mammal Review 49, 31-44. doi:

10.1111/mam.12139.

20



611
612
613

614
615

616
617

618
619

620
621
622

623
624

625
626
627

628
629
630

631
632
633

634
635
636
637

638
639
640

Doherty, T. S., Davis, R. A,, van Etten, E. J. B., Algar, D., Collier, N., Dickman, C. R., Edwards, G.,
Masters, P., Palmer, R., Robinson, S., and McGeoch, M. (2015). A continental-scale analysis of feral

cat diet in Australia. Journal of Biogeography 42, 964-975. doi: 10.1111/jbi.12469.

Eisenhauer, N. (2018). Impacts of free-ranging cats on invertebrates. Frontiers in Ecology and the

Environment 16, 262-263. doi: 10.1002/fee.1805.

Eisenhauer, N., Bonn, A,, and A. Guerra, C. (2019). Recognizing the quiet extinction of invertebrates.

Nature Communications 10, 50. doi: 10.1038/s41467-018-07916-1.

Fonseca, C. R. (2009). The silent mass extinction of insect herbivores in biodiversity hotspots.

Conservation Biology 23, 1507-1515. doi: 10.1111/j.1523-1739.2009.01327 .x.

Gibb, H., Grossman, B. F., Dickman, C. R., Decker, O., and Wardle, G. M. (2019). Long-term responses
of desert ant assemblages to climate. Journal of Animal Ecology 88, 1549-1563. doi: 10.1111/1365-
2656.13052.

Gillies, C. (2001). Advances in New Zealand mammalogy 1990-2000: House cat. Journal of the Royal
Society of New Zealand 31, 205-218. doi: 10.1080/03014223.2001.9517648.

Glen, A. S., Pennay, M., Dickman, C. R., Wintle, B. A., and Firestone, K. B. (2011). Diets of sympatric
native and introduced carnivores in the Barrington Tops, eastern Australia. Austral Ecology 36, 290-

296. doi: 10.1111/j.1442-9993.2010.02149 .x.

Green, K. (2003). Altitudinal and temporal differences in the food of foxes (Vulpes vulpes) at alpine
and subalpine altitudes in the Snowy Mountains. Wildlife Research 30, 245-253. doi:
https://doi.org/10.1071/WR02008.

Green, K. and Osborne, W. S. (1981). The diet of foxes, Vulpes vulpes (L.), in relation to abundance of
prey above the winter snowline in New South Wales. Wildlife Research 8, 349-360. doi:
https://doi.org/10.1071/WR9810349.

Hallmann, C. A,, Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., Stenmans, W., Miiller, A,
Sumser, H., Horren, T., Goulson, D., and de Kroon, H. (2017). More than 75 percent decline over 27
years in total flying insect biomass in protected areas. PLoS One 12, e0185809. doi:
10.1371/journal.pone.0185809.

Hansen, M. C., DeFries, R. S., Townshend, J. R. G., Carroll, M., Dimiceli, C., and Sohlberg, R. A. (2003).
Global Percent Tree Cover at a Spatial Resolution of 500 Meters: First Results of the MODIS
Vegetation Continuous Fields Algorithm. Earth Interactions 7, 1-15. doi: 10.1175/1087-3562

21



641
642
643
644

645
646

647
648
649

650
651
652

653
654
655

656
657

658
659
660
661
662
663
664

665
666
667

668
669
670
671

Harvey, M. S., Rix, M. G., Framenau, V. W., Hamilton, Z. R., Johnson, M. S., Teale, R. J., Humphreys,
G., and Humphreys, W. F. (2011). Protecting the innocent: studying short-range endemic taxa
enhances conservation outcomes. Invertebrate Systematics 25, 1-10. doi:

https://doi.org/10.1071/1S11011.

Hayde, K. A. (1992) Ecology of the feral cat Felis catus on Great Dog Island. B.Sc. (Hons.) thesis,

University of Tasmania, Hobart.

Hernandez, S. M., Loyd, K. A. T., Newton, A. N., Carswell, B. L., and Abernathy, K. J. (2018). The use of
point-of-view cameras (Kittycams) to quantify predation by colony cats (Felis catus) on wildlife.

Wildlife Research 45, 357-365. doi: https://doi.org/10.1071/WR17155.

Jarvis, A., Reuter, H. I, Nelson, A., and Guevara, E. (2008). Hole-filled SRTM for the globe Version 4,
available from the CGIAR-CSI SRTM 90m Database. http://www.cgiar-csi.org/data/srtm-90m-digital-

elevationdatabase-v4-1.

Jonas, J. L., Wolesensky, W., and Joern, A. (2015). Weather affects grasshopper population dynamics
in continental grassland over annual and decadal periods. Rangeland Ecology & Management 68, 29-

39. doi: https://doi.org/10.1016/j.rama.2014.12.011.

Jones, E. and Coman, B. J. (1981). Ecology of the feral cat, Felis catus (L.), in south-eastern Australia I.

Diet. Australian Wildlife Research 8, 537-547.

Jones, H. P., Holmes, N. D., Butchart, S. H. M., Tershy, B. R., Kappes, P. J., Corkery, I., Aguirre-Muioz,
A., Armstrong, D. P., Bonnaud, E., Burbidge, A. A., Campbell, K., Courchamp, F., Cowan, P. E.,
Cuthbert, R. J., Ebbert, S., Genovesi, P., Howald, G. R., Keitt, B. S., Kress, S. W., Miskelly, C. M., Oppel,
S., Poncet, S., Rauzon, M. J., Rocamora, G., Russell, J. C., Samaniego-Herrera, A., Seddon, P. J., Spatz,
D.R., Towns, D. R., and Croll, D. A. (2016). Invasive mammal eradication on islands results in
substantial conservation gains. Proceedings of the National Academy of Sciences 113, 4033-4038.

doi: 10.1073/pnas.1521179113.

Kwok, A. B. C., Wardle, G. M., Greenville, A. C., and Dickman, C. R. (2016). Long-term patterns of
invertebrate abundance and relationships to environmental factors in arid Australia. Austral Ecology

41, 480-491. doi: 10.1111/aec.12334.

Legge, S., Murphy, B. P., McGregor, H., Woinarski, J. C. Z., Augusteyn, J., Ballard, G., Baseler, M.,
Buckmaster, T., Dickman, C. R., Doherty, T., Edwards, G., Eyre, T., Fancourt, B., Ferguson, D., Forsyth,
D. M., Geary, W. L., Gentle, M., Gillespie, G., Greenwood, L., Hohnen, R., Hume, S., Johnson, C. N.,

Maxwell, N., McDonald, P., Morris, K., Moseby, K., Newsome, T., Nimmo, D., Paltridge, R., Ramsey,

22



672
673
674

675
676
677

678
679

680
681

682
683

684
685
686

687
688
689

690
691
692

693
694
695

696
697
698
699
700
701

D., Read, J., Rendall, A., Rich, M., Ritchie, E., Rowland, J., Short, J., Stokeld, D., Sutherland, D. R.,
Wayne, A. F., Woodford, L., and Zewe, F. (2017). Enumerating a continental-scale threat: how many

feral cats are in Australia? Biological Conservation 206, 293-303.

Lister, B. C. and Garcia, A. (2018). Climate-driven declines in arthropod abundance restructure a
rainforest food web. Proceedings of the National Academy of Sciences 115, E10397-E10406. doi:
10.1073/pnas.1722477115.

Loss, S. R. and Marra, P. P. (2017). Population impacts of free-ranging domestic cats on mainland

vertebrates. Frontiers in Ecology and the Environment 15, 502-509. doi: doi:10.1002/fee.1633.

Loss, S. R., Will, T., and Marra, P. P. (2013). The impact of free-ranging domestic cats on wildlife of
the United States. Nature Communications 4, 1396. doi: 10.1038/ncomms2380.

Martin, G. R., Twigg, L. E., and Robinson, D. J. (1996). Comparison of the diet of feral cats from rural
and pastoral Western Australia. Wildlife Research 23, 475-484.

Mason, L. D., Wardell-Johnson, G., Luxton, S. J., and Bateman, P. W. (2018). Predators show seasonal
predilections for model clay spiders in an urban environment. Scientific Reports 8, 12444. doi:

10.1038/s41598-018-30778-y.

Mason, L., Bateman, P. W., Miller, B. P., and Wardell-Johnson, G. W. (2019). Ashes to ashes: Intense
fires extinguish populations of urban short-range endemics. Austral Ecology 44, 514-522. doi:

10.1111/aec.12685.

Medina, F. M., and Garcia, R. (2007). Predation of insects by feral cats (Felis silvestris catus L., 1758)
on an oceanic island (La Palma, Canary Island). Journal of Insect Conservation 11, 203-207. doi:

10.1007/510841-006-9036-7.

Mifsud, G., and Woolley, P. A. (2012). Predation of the Julia Creek dunnart (Sminthopsis douglasi)
and other native fauna by cats and foxes on Mitchell grass downs in Queensland. Australian

Mammalogy 34, 188-195. doi: 10.1071/AM11035.

Murphy, B. P., Woolley, L.-A., Geyle, H. M., Legge, S. M., Palmer, R., Dickman, C. R., Augusteyn, J.,
Brown, S. C., Comer, S., Doherty, T. S., Eager, C., Edwards, G., Fordham, D. A., Harley, D., McDonald,
P.J., McGregor, H., Moseby, K. E., Myers, C., Read, J., Riley, J., Stokeld, D., Trewella, G. J., Turpin, J.
M., and Woinarski, J. C. Z. (2019). Introduced cats (Felis catus) eating a continental fauna: The
number of mammals killed in Australia. Biological Conservation 237, 28-40. doi:

10.1016/j.biocon.2019.06.013.

23



702
703

704
705
706
707

708
709

710
711

712
713

714
715
716

717
718

719
720

721
722
723

724
725
726
727

728
729

O'Connell, G. J. (2010) The diet of feral cats (Felis catus) in the Fitzgerald River National Park, south-

western Australia. B.Sc. (Hons.) thesis, University of Western Australia, Perth.

Palmas, P., Jourdan, H., Rigault, F., Debar, L., De Meringo, H., Bourguet, E., Mathivet, M., Lee, M.,
Adjouhgniope, R., Papillon, Y., Bonnaud, E., and Vidal, E. (2017). Feral cats threaten the outstanding
endemic fauna of the New Caledonia biodiversity hotspot. Biological Conservation 214, 250-259. doi:

10.1016/j.biocon.2017.08.003.

Palmer, R. A. (1995). Diet of the red fox (Vulpes vulpes) in south-western Queensland. Rangeland
Journal, 17, 99-108. doi: 10.1071/RJ9950099.

Paltridge, R. (2002). The diets of cats, foxes and dingoes in relation to prey availability in the Tanami

Desert, Northern Territory. Wildlife Research 29, 389-403. doi: 10.1071/WR00010.

Paltridge, R., Gibson, D., and Edwards, G. (1997). Diet of the feral cat (Felis catus) in central Australia.
Wildlife Research 24, 67-76. doi: 10.1071/WR96023.

Pavey, C. R., Eldridge, S. R., and Heywood, M. (2008). Population dynamics and prey selection of
native and introduced predators during a rodent outbreak in arid Australia. Journal of Mammalogy

89, 674-683. doi: 10.1644/07-mamm-a-168r.1.

Pickrell, J. (2019). Rat eradication launched on populated island. Science 364, 915-916. doi:
10.1126/science.364.6444.915.

Pearre, S. and Maass, R. (1998). Trends in the prey size-based trophic niches of feral and house cats

Felis catus L. Mammal Review 28, 125-139.

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., and Kunin, W. E. (2010). Global
pollinator declines: trends, impacts and drivers. Trends Ecol Evol 25, 345-353. doi:

10.1016/j.tree.2010.01.007.

Priddel, D., Carlile, N., Humphrey, M., Fellenberg, S., and Hiscox, D. (2003). Rediscovery of the
‘extinct’ Lord Howe Island stick-insect (Dryococelus australis (Montrouzier)) (Phasmatodea) and
recommendations for its conservation. Biodiversity & Conservation 12, 1391-1403. doi:

10.1023/a:1023625710011.

R Core Team (2019). R: A language and environment for statistical computing. R Foundation for

Statistical Computing. Vienna, Austria.

24



730
731

732
733
734

735
736
737
738

739
740

741
742
743
744

745
746

747
748

749
750
751

752
753
754

755
756
757

758
759

Read, J. L., Dagg, E., and Moseby, K. E. (2019). Prey selectivity by feral cats at central Australian rock-
wallaby colonies. Australian Mammalogy 41, 132-141. doi: 10.1071/AM17055.

Rees, M. W., Pascoe, J. H., Wintle, B. A., Le Pla, M., Birnbaum, E. K. and Hradsky, B. A. (2019).

Unexpectedly high densities of feral cats in a rugged temperate forest. Biological Conservation 239,

108287. doi: 10.1016/j.biocon.2019.108287.

Régnier, C., Bouchet, P., Hayes, K. A., Yeung, N. W., Christensen, C. C., Chung, D. J. D., Fontaine, B.,
and Cowie, R. H. (2015). Extinction in a hyperdiverse endemic Hawaiian land snail family and
implications for the underestimation of invertebrate extinction. Conservation Biology 29, 1715-1723.

doi: 10.1111/cobi.12565.

Rentz, D. C. F. (1996) 'Grasshopper country: the abundant orthopteroid insects of Australia.'

(University of New South Wales Press: Sydney.)

Rix, M. G., Huey, J. A,, Main, B. Y., Waldock, J. M., Harrison, S. E., Comer, S., Austin, A. D., and
Harvey, M. S. (2017). Where have all the spiders gone? The decline of a poorly known invertebrate
fauna in the agricultural and arid zones of southern Australia. Austral Entomology 56, 14-22. doi:

10.1111/aen.12258.

Sanchez-Bayo, F. and Wyckhuys, K. A. G. (2019). Worldwide decline of the entomofauna: A review of
its drivers. Biological Conservation 232, 8-27. doi: 10.1016/j.biocon.2019.01.020.

Sands, D. P. A. (2018). Important issues facing insect conservation in Australia: now and into the

future. Austral Entomology 57, 150-172. doi: 10.1111/aen.12342.

Schori, J. C., Maloney, R. F., Steeves, T. E., and Murray, T. J. (2019). Evidence that reducing
mammalian predators is beneficial for threatened and declining New Zealand grasshoppers. New

Zealand Journal of Zoology 46, 149-164. doi: 10.1080/03014223.2018.1523201.

Shionosaki, K., Yamada, F., Ishikawa, T., and Shibata, S. (2015). Feral cat diet and predation on
endangered endemic mammals on a biodiversity hot spot (Amami—Ohshima Island, Japan). Wildlife

Research 42, 343-352. doi: 10.1071/WR14161.

Spencer, E. E., Newsome, T. M., and Dickman, C. R. (2017). Prey selection and dietary flexibility of
three species of mammalian predator during an irruption of non-cyclic prey. Royal Society Open

Science 4, 170317. doi: doi:10.1098/rsos.170317.

St Clair, J. J. H. (2011). The impacts of invasive rodents on island invertebrates. Biological

Conservation 144, 68-81. doi: 10.1016/j.biocon.2010.10.006.

25



760
761
762

763
764
765

766
767
768
769
770

771
772

773
774
775

776
777

778
779
780

781
782
783

784
785

786
787
788

Taggart, P.L., Fancourt, B.A., Bengsen, A.J., Peacock, D.E., Hodgens, P., Red, J.L., McAllister, M.M. and
Caraguel C.G.B. (2019). Evidence of significantly higher island feral cat abundance compared with the
adjacent mainland. Wildlife Research 46, 378—385. doi: 10.1071/WR18118.

Tatler, J., Prowse, T.A., Roshier, D.A., Allen, B.L. and Cassey, P. (2019). Resource pulses affect prey
selection and reduce dietary diversity of dingoes in arid Australia. Mammal Review 49, 263-275. doi:

10.1111/mam.12157.

Taylor, G. S., Braby, M. F., Moir, M. L., Harvey, M. S., Sands, D. P. A., New, T. R., Kitching, R. L.,
McQuillan, P. B., Hogendoorn, K., Glatz, R. V., Andren, M., Cook, J. M., Henry, S. C., Valenzuela, I.,
and Weinstein, P. (2018). Strategic national approach for improving the conservation management
of insects and allied invertebrates in Australia. Austral Entomology 57, 124-149. doi:

10.1111/aen.12343.

Thomas, J. A. (2016). Butterfly communities under threat. Science 353, 216-218. doi:
10.1126/science.aaf8838.

van Hengstum, T., Hooftman, D. A. P., Oostermeijer, J. G. B., and van Tienderen, P. H. (2014). Impact
of plant invasions on local arthropod communities: a meta-analysis. Journal of Ecology 102, 4-11.

doi: 10.1111/1365-2745.12176.

Vogel, G. (2017). Where have all the insects gone? Science 356, 576-579. doi:
10.1126/science.356.6338.576.

Watson, K. (2006) Aspects of the history, home range and diet of the feral cat (Felis catus) in the
Perisher Range resort area of Kosciuszko National Park, New South Wales. M.Sc. thesis, University of

Sydney, Sydney.

Watts, C., Dopheide, A., Holdaway, R., Davis, C., Wood, J., Thornburrow, D., and Dickie, I. A. (2019).
DNA metabarcoding as a tool for invertebrate community monitoring: a case study comparison with

conventional techniques. Austral Entomology 58, 675-686. doi: 10.1111/aen.12384.

Wilson, E. O. (1987). The little things that run the world: the importance and conservation of
invertebrates. Conservation Biology 1, 344-346. doi: 10.1111/j.1523-1739.1987.tb00055.x.

Woinarski, J. C. Z., Burbidge, A. A., and Harrison, P. L. (2015). Ongoing unraveling of a continental
fauna: Decline and extinction of Australian mammals since European settlement. Proceedings of the

National Academy of Sciences 112, 4531-4540. doi: 10.1073/pnas.1417301112.

26



789
790
791
792

793
794
795

796
797
798
799

800
801
802

803
804

805
806
807
808
809

810
811
812

813
814
815

Woinarski, J. C. Z., Murphy, B. P., Legge, S. M., Garnett, S. T., Lawes, M. J., Comer, S., Dickman, C. R,,
Doherty, T. S., Edwards, G., Nankivell, A., Paton, D., Palmer, R., and Woolley, L. A. (2017a). How
many birds are killed by cats in Australia? Biological Conservation 214, 76-87. doi:

10.1016/j.biocon.2017.08.006.

Woinarski, J. C. Z., Murphy, B. P., Palmer, R., Legge, S. M., Dickman, C. R., Doherty, T. S., Edwards, G.,
Nankivell, A., Read, J. L., and Stokeld, D. (2018). How many reptiles are killed by cats in Australia?
Wildlife Research 45, 247-266. doi: 10.1071/WR17160.

Woinarski, J. C. Z., South, S. L., Drummond, P., Johnston, G. R., and Nankivell, A. (2017c). The diet of
the feral cat (Felis catus), red fox (Vulpes vulpes) and dog (Canis familiaris) over a three-year period
at Witchelina Reserve, in arid South Australia. Australian Mammalogy 40, 204-213. doi:
10.1071/AM17033.

Woinarski, J. C. Z., Woolley, L. A., Garnett, S. T., Legge, S. M., Murphy, B. P., Lawes, M. J., Comer, S.,
Dickman, C. R., Doherty, T. S., Edwards, G., Nankivell, A., Palmer, R., and Paton, D. (2017b).

Compilation and traits of Australian bird species killed by cats. Biological Conservation 216, 1-9.

Woods, M., McDonald, R., and Ris, S. (2003). Predation of wildlife by domestic cats Felis catus in
Great Britain. Mammal Review 33, 174-188. doi: 10.1046/j.1365-2907.2003.00017 .x.

Woolley, L.-A., Geyle, H. M., Murphy, B. P., Legge, S. M., Palmer, R., Dickman, C. R., Augusteyn, J.,
Comer, S., Doherty, T.S., Eager, C., Edwards, G., Harley, D. K. P., Leiper, |., McDonald, P. J.,
McGregor, H. W., Moseby, K. E., Myers, C., Read, J. L., Riley, J., Stokeld, D., Turpin, J. M., and
Woinarski, J. C. Z. (2019). Introduced cats Felis catus eating a continental fauna: inventory and traits

of Australian mammal species killed. Mammal Review doi: 10.1111/mam.12167.

Yadav, S., Stow, A. )., Harris, R. M. B., and Dudaniec, R. Y. (2018). Morphological variation tracks
environmental gradients in an agricultural pest, Phaulacridium vittatum (Orthoptera: Acrididae).

Journal of Insect Science 18, 13. doi: 10.1093/jisesa/iey121.

Yip, S. J. S., Rich, M.-A., and Dickman, C. R. (2015). Diet of the feral cat, Felis catus, in central
Australian grassland habitats during population cycles of its principal prey. Mammal Research 60, 39-

50. doi: 10.1007/s13364-014-0208-7.

27



Table 1. The relative importance of variables from models predicting invertebrate frequency of occurrence.

Relative variable importance values (w.) and the number of models containing the variable (N, in parentheses) derived from model-averaging (95%

confidence model set of binomial GLM’s modelling the effect of these variables on the frequency of occurrence of invertebrates [total and major orders] in

feral cat diet). Highly influential variables are those with w+ > 0.73, indicated in bold. Variable definitions: Rainfall - mean annual rainfall; Temperature —

mean annual temperature; Rainfall : Temperature — interaction of mean annual rainfall with mean annual temperature; Tree cover — mean percentage tree

cover within a 5km radius; Island size index — index of island size where the mainland sites (with area 210,000 km?) had an index of 0 and islands

<10,000 km? had negative values; Ruggedness — topographic ruggedness (standard deviation of elevation within a 5km radius).

w. (N)
Variable Total Orthoptera Chilopoda Coleoptera Lepidoptera Scorpionida Araneae
invertebrates  (crickets and  (centipedes) (beetles) (butterflies and  (scorpions) (spiders)
grasshoppers) moths)
Rainfall 1.00 (26) 0.38(12) 0.27 (16) 0.75 (17) 0.56 (11) 0.73 (19) 0.16 (3)
Temperature 0.36 (14) 0.35(14) 0.31(15) 0.34 (13) 0.85 (13) 1.00 (32) 1.00 (11)
Rainfall : Temperature 1.00 (26) 0.02 (1) 0.02 (3) 0.08 (4) 0.06 (2) 0.14 (6) 0.11 (2)
Tree cover 0.84 (15) 0.47 (15) 0.94(29)  0.73(15) 0.45 (11) 0.26 (12) 0.75 (8)
Island size index 0.27 (13) 0.34 (11) 0.26(17)  0.30(11) 0.73 (10) 0.28 (14) 0.23 (3)
Ruggedness 0.26 (10) 0.84 (16) 0.34 (14) 0.22 (10) 0.24 (6) 0.37 (15) 0.73 (7)
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Fig. 1 Location of 87 cat dietary studies collated in this study. Circle size corresponds with sample
size at each study site. Christmas Island (n = 187) and Macquarie Island (n = 756) are not shown.
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Fig 2. The frequency of occurrence of invertebrates in feral cat diet in relation to (a) mean annual
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rainfall by mean annual temperature, and (b) tree cover in Australia. Only highly influential variable

relationships are shown (see Table 1), as derived from model predictions while holding other
explanatory variables constant at their median level. The interaction between mean annual rainfall
and temperature is shown by red and blue lines (and bands) representing model fit (and 95%

confidence intervals) at first and third quartile levels of temperature respectively, and the green line

(and band) is model fit (and 95% confidence intervals) at median temperature. Model fit for tree
cover is shown by a continuous black line and the 95% confidence interval is represented by a grey

band. Grey circles indicate observed data values and darker circles indicate repeated observations at

the same point.
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Fig. 3. Model projections of: (a) the frequency of occurrence (%) of invertebrates in feral cat diets,
and (b) the rate of consumption of invertebrates by feral cats (km year?) in largely natural
environments throughout Australia.
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Fig 4. The modelled relationship between the number of individual invertebrates per cat sample
containing invertebrates and the frequency of occurrence of invertebrates in feral cat dietary

studies. Model fit is shown by a continuous black line and the 95% confidence interval is represented
by a grey band. Circles indicate observed data values.

33



{(a) Orthoptera (b) Chilopoda

80
L] L]
L ]
L ]
L ]
609 e ° ° 204
L ]
&
—_ %o ° — @
9 e e
& < .
> >
240 2
© ©
= Z
=
o Q04
C i 10
20
[ ]
01 04

0 30 80 90 120 0 20 40 60
Ruggedness (SD of elevation [m]) Tree cover (%)
(c) Coleoptera (d) Coleoptera
L ] L]
401 401

Frequency (%)
®
Frequency (%)

5[I]O 1 OIOO 1 5IO(] ZDIOU é ZIO 4IO BID
Mean annual rainfall (mm) Tree cover (%)
Fig 5. The frequency of occurrence of (a) Orthoptera (crickets and grasshoppers), (b) Chilopoda
(centipedes), and (c, d) Coleoptera (beetles) in feral cat diet in relation to topographic ruggedness,
tree cover and mean annual rainfall in Australia. Only highly influential variable relationships are
shown (see Table 1), as derived from model predictions while holding other explanatory variables
constant at their median level. Continuous black lines represent model fit and the 95% confidence

interval is represented by a grey band. Grey circles indicate observed data values and darker circles
indicate repeated observations at the same point.
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