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Thesis Abstract 

This thesis explores evidence for top-down suppression of an exotic 

mesopredator, the feral cat Felis catus (L.), by a native apex predator, the dingo 

Canis dingo (Meyer) in an arid environment in Australia.  I investigate this topic 

by examining the spatial dynamics of feral cat and dingo distributions and 

activities and by examining the potential for competition between them for 

shared prey.  By analysing both spatial and dietary dimensions of dingo and 

feral cat interactions my research allows for a very detailed characterization of 

this intraguild relationship. 

Apex predators may suppress smaller ‘mesopredators’ through direct 

antagonistic interactions or through indirect competition for resources.  These 

interactions may result in a reduction in mesopredator abundance or changes in 

their behaviour causing them to avoid apex predators.  In Australia, the dingo is 

the continent’s top terrestrial predator and co-occurs with the introduced 

mesopredator, the feral cat.  Feral cats prey on native species and are 

implicated in the extinction of at least 16 mammals; reducing the impacts of 

feral cats is crucial for the conservation of Australian fauna.  As the dominant 

apex predator, dingoes are predicted to suppress the activity and/or abundance 

of feral cats.  However, definitive evidence supporting this hypothesis remains 

scant and insufficient.   

Understanding the influence of apex predators on sympatric predators and prey 

requires reliable and accurate estimates of their distribution and activity.  I 

assessed the effect of camera trap survey design on the detection of dingoes, 

feral cats, and macropods and used occupancy models to examine how habitat 

influences the occurrence of these species.  The detection of dingoes and cats, 

but not, macropodids (Macropus spp.), was improved when cameras were 

placed on roads.  Occupancy estimates of dingoes and macropodids were 

significantly higher in woodlands compared to grasslands while feral cats 

exhibited near-equal occupancy in both habitats.  These results show that 

robust occupancy estimates can be obtained from cameras placed on roads 

and suggest that dingoes prefer woodlands, probably due to the presence of 
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their main prey (macropodids), while feral cat habitat use in this system may not 

be strongly influenced by the presence of dingoes. 

Strong dietary overlap can indicate a likelihood of interspecific competition 

between predators and the potential for mesopredator regulation.  However, 

uncertainty in the identification of scat donor species has the potential to 

obfuscate these relationships.  I assessed the extent of dietary overlap between 

dingoes and feral cats from field collected scats and developed a new 

framework to identify and resolve potential errors in scat identifications.  

Dingoes and feral cats exhibited low dietary overlap, suggesting that 

interspecific competition between the two predators is low and that a 

segregation of diets facilitates their spatial coexistence.  At the same time, the 

occasional occurrence of cat remains in the scats of dingoes indicates the 

potential for interference competition between the two species and 

demonstrates intraguild predation of the latter on the former.  Hence, while 

dingo and feral cat dietary overlap is low; this could be the end result of 

competition between the two species. 

Understanding how predators use space and select features in the landscape 

can be important for informing the management of non-native mesopredators.  I 

used telemetry data from dingoes and feral cats to characterize their space use 

and investigate patterns of fine-scale habitat selection.  Dingoes showed a 

strong selection for woodlands whereas feral cats selected vegetation type 

randomly but their seasonal home ranges typically included a larger proportion 

of grassland than would be expected from its availability.  Both predators 

showed a strong selection for roads, hydrological features and high vegetation 

cover.  These results suggest that both predators select for many common 

features in the landscape but may prefer different habitat types which could limit 

the extent of their interactions. 

In summary, I was unable to find strong evidence for dingo suppression of feral 

cats in this study system.  Low dietary overlap between the two species 

suggests limited interspecific competition which may also facilitate their 

observed spatial overlap.  Feral cats may show a preference for grasslands but 

whether this is driven by avoidance of dingoes or by the occurrence of other 
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resources such as prey warrants further investigation.  This thesis contributes to 

the conceptual development of top-down ecology and increases the 

understanding of how apex predators and smaller mesopredators relate to one 

another in their environment.  
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1. General Introduction 

1.1. Ecological theory and the role of apex predators 

The science and theory of ecology has its roots in a bottom-up explanation of 

the structure, function, and organization of ecosystems.  Primary productivity 

derived from photosynthesis, and occasionally chemosynthesis, underwrites all 

other biotic processes.  It is therefore not surprising that early ecological 

research focused on the links between the drivers of primary productivity and 

the structure of ecosystems (Lindeman 1942; Odum 1957; Holdridge et al. 

1964; Whittaker 1970).  These early works form the basis of ecological theory 

and have created a powerful scientific discipline which has been able to 

characterize the extent of major biomes and predict responses to physical and 

environmental gradients such as rainfall, elevation and latitude (Whittaker 1970; 

Rosenzweig 1995).  Nevertheless, bottom-up processes are not the only drivers 

of ecosystem structure and function. 

Top-down ecological theory emphasizes the importance of predation in the 

organization of ecosystems.  In their famous ‘green world’ hypothesis Hairston, 

Smith and Slobodkin (1960) argued that predators reduce the abundance of 

herbivores, thereby allowing plants to flourish.  Since the proposal of this 

hypothesis, many studies have added evidence for top-down ecological 

processes in both aquatic (Estes & Palmisano 1974; Paine 1980; Power 1990; 

Hughes 1994; Carpenter & Kitchell 1996) and terrestrial ecosystems (Schoener 

& Toft 1983; Alverson, Waller & Solheim 1988; McLaren & Peterson 1994; 

Crooks & Soulé 1999; Ripple & Larsen 2000).  In addition to the direct impacts 

of predation on herbivore abundance, fear of predation can also have dramatic 

influence on herbivore behavior which can alter habitat use, spatial and 

temporal distributions of prey, or reduce their fitness or reproductive output 

(Schmitz, Beckerman & O'Brien 1997; Ripple & Beschta 2003; Preisser, Bolnick 

& Benard 2005; Creel & Christianson 2008). 
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1.2. Predators in sympatry: the consequences of intraguild 

competition 

The top-down effects of predators are not limited to prey but can also have 

important consequences within a predator guild.  When predators co-occur, 

aggressive competition for resources can result.  Interactions between dominant 

apex predators and smaller-bodied ‘mesopredators’ can have flow-on effects to 

lower tropic guilds which may be just as important for ecosystem structure as 

the interactions between predators and prey (Ritchie & Johnson 2009).  This 

intraguild competition can manifest in different ways but often has negative 

impacts for the subordinate mesopredator. 

Broadly speaking, the mechanisms of intraguild competition can be classified as 

either exploitative or interference (Schoener 1983).  Exploitative competition 

occurs when predators compete for finite shared resources such as prey and 

one predator deprives others of those resources.  This form of competition is 

often stronger when there is a high level of dietary overlap between two 

predators (Schoener 1983; Glen & Dickman 2005).  In contrast, interference 

competition occurs when one predator is directly antagonistic towards another 

thereby limiting their access to a contested resource.  This type of competition 

can lead to the death (and occasional consumption) of the smaller predator 

(Schoener 1983).  Both forms of intraguild competition can cause a reduction in 

growth, survivorship, or fecundity of the smaller predator (Glen & Dickman 

2005) which can result in reduced population abundance.  Alternatively, 

mesopredators may change their behaviour in the face of apex predators 

causing them to avoid areas (Palomares et al. 1996; Durant 2000; Mitchell & 

Banks 2005) or times when larger predators are active (Kronfeld‐Schor et al. 

2001; Harrington et al. 2009; Brook et al. 2012). 

1.3. The effects of apex predator loss 

Because of their combined direct and indirect impacts to prey and 

mesopredators, apex predators may function as ‘keystone’ species (Power et 

al. 1996), exerting considerable influence over ecosystem processes and 

sometimes initiating trophic cascades that impact multiple trophic levels 

(Hebblewhite et al. 2005; Terborgh & Estes 2010; Ripple & Beschta 2012).  
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However, apex predators have long been perceived as threats to human health 

and safety and the livestock industry, and have suffered an enduring history of 

persecution as a result.  Additionally, apex predators are increasingly 

threatened with habitat loss, disease, and the commercial trade in body parts 

(Weber & Rabinowitz 1996).  These combined impacts have led to the collapse 

of many top predator populations (Gittleman 2001; Ripple et al. 2014).  Because 

of their pervasive effects on ecosystems, it follows that the loss of apex 

predators can have significant implications for ecosystem functioning and 

health.  

Local extinction of apex predators can result in increased abundance and 

activity of large herbivores which can lead to decreased plant biomass and 

diversity or changes in vegetation structure.  Smaller species such as birds, 

reptiles, amphibians, or arthropods that are dependent on habitat structure may 

in turn suffer declines (Berger et al. 2001; Ripple & Beschta 2006).  Additionally, 

the activity or abundance of smaller mesopredators may increase following 

apex predator removal in a phenomenon known as ‘mesopredator release’ 

(Soulé et al. 1988).  The increase in mesopredators can lead to elevated 

pressure on smaller prey and subsequent declines in prey diversity or 

abundance (Prugh et al. 2009).  As such, a dramatic ecosystem reorganization 

and loss of biodiversity frequently follows the loss of a top predator (Crooks & 

Soulé 1999; Estes et al. 2011).   

Realizing the potential that top predators have to manipulate ecological 

processes for the benefit of biodiversity conservation, many ecologists have 

begun to advocate for their reintroduction or protection where they have been 

extirpated (Soulé et al. 2005; Hayward & Somers 2009; Ritchie et al. 2012; 

Corlett in press).  However, others have urged more caution citing the lack of 

definitive evidence for impacts of top predators (Mech 2012).  By their very 

nature, apex predators are less abundant relative to their prey and range over 

large areas making controlled replicated exclusion experiments difficult if not 

impossible.  Additionally, top predators are often seen as incompatible with 

other human land uses, particularly livestock grazing and production (Musiani et 

al. 2004; Fleming, Allen & Ballard 2012) and predator reintroductions remain a 

deeply contested topic in many parts of the world.  More work is clearly needed 
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to address the methodological handicaps of predator research and to 

understand how to balance the potential benefits of apex predators with the 

competing economic interests. 

1.4. Predators in Australia 

The role and historical importance of top terrestrial predators in Australia has 

been discussed extensively (Johnson 2006; Glen et al. 2007; Letnic, Ritchie & 

Dickman 2012).  The unique marsupial fauna for which Australia is well-known 

evolved in relative isolation for at least 55 million years (Johnson 2006).  During 

the Pleistocene large-bodied marsupial predators and prey dominated the 

landscape; however most of these went extinct around the time of human 

colonization of the continent (Roberts et al. 2001). The largest marsupial 

predator in Australia at the time of European settlement, the thylacine 

(Thylacinus cynocephalus) became extinct in Tasmania in the early half of the 

20th century while the largest extant marsupial predator, the Tasmania devil 

(Sarcophilus harrisii) remains relegated to Tasmania (Van Dyck & Strahan 

2008).  This leaves the spotted-tail quoll (Dasyurus maculatus) with an adult 

mass averaging only 3.5 kg as the largest extant marsupial predator on 

mainland Australia (Van Dyck & Strahan 2008).  

While some placental mammals colonized Australia as early as 5 to 15 mya and 

represent a portion of the indigenous fauna, most of these are fairly small-

bodied and include bats and rats (Bogdanowicz 1992).  On the other hand, the 

dingo Canis dingo (Meyer) was introduced to Australia approximately 5,000 

years ago by Asian seafarers (Savolainen et al. 2004) making it the top 

terrestrial predator in Australia.  Dingoes eventually colonized the entire 

Australian mainland possibly with initial assistance from Aboriginals who had 

arrived in Australia some 45 to 55 millennia earlier (Corbett 1995).  In more 

recent times, dingo numbers likely increased due to the provisioning of artificial 

watering points that came with the spread of agriculture and pastoralism 

following European settlement; and as a result of increased prey in the form of 

livestock and introduced rabbits (Corbett 1995; Johnson 2006).  Because 

dingoes prey on livestock such as cattle, sheep, and goats, they have long been 

seen as pests to pastoralists and are subject to ongoing control programs 

though trapping, poisoning, and shooting over much of Australia (Fleming, 
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Bomford & Trust 2001).  The dingo is also under increasing threat from 

hybridization with free-roaming domestic dogs (Fleming, Bomford & Trust 

2001); however the extent to which the hybridization affects dingo behavior and 

ecology is not well known (Claridge & Hunt 2008; Parr et al. 2016). (While the 

taxonomy of the dingo remains unresolved, I use the term Canis dingo (Meyer) 

for consistency throughout this thesis (Crowther et al. 2014.) 

Australia is also home to two more recently introduced medium-sized placental 

predators – the feral cat Felis catus (L.) and the red fox Vulpes vulpes (L.) – 

which arrived following European settlement.  These exotic mesopredators 

have had devastating impacts on many of Australia’s native fauna and have 

been identified as particular threats to native mammals that fall in the critical 

weight range for extinction – between 35 and 5,500 g (Burbidge and McKenzie 

1989).  While the impacts of feral cats on wildlife were recognized early on, 

much of the early focus of research and control was directed towards the fox; in 

part because of its impact to sheep (Denny & Dickman 2010).  By the 1980s 

however, the impacts of feral cats on native species were gaining notoriety, and 

greater efforts for feral cat control and research began (Denny & Dickman 

2010).  Currently, reducing the impacts of feral cats is one of the key actions 

identified in the Australian government’s national Threatened Species Strategy 

(http://www.environment.gov.au/biodiversity/threatened/publications/threatened-

species-strategy).  

Dingoes and feral cats are sympatric over much of the Australian mainland.  A 

large body of evidence now points to the importance that dingoes play in 

suppressing the abundance and activity of the red fox (Letnic, Ritchie & 

Dickman 2012).  However, the impact of dingoes on feral cats remains less 

clear.  Intraguild killing of cats by dingoes has been demonstrated (Moseby et 

al. 2012) and feral cats are occasionally found in the diets of dingoes (Allen, 

Allen & Leung 2015).  Also, although some evidence suggests that dingoes may 

suppress feral cats in the northern part of Australia (Kennedy et al. 2012), the 

relationship between the two predators in the arid zone is less clear.  While 

some studies have reported a negative correlation between dingoes and feral 

cat activity (Pettigrew 1993; Brawata & Neeman 2011), others have recorded a 

positive association (Letnic, Crowther & Koch 2009) or no association (see 
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studies reviewed by Allen, Allen & Leung 2015).  Understanding the nature of 

the interaction between these two species is critical in evaluating the potential 

role of the dingo in suppressing feral cat populations and providing a net 

conservation benefit to many of Australia’s threatened small and medium size 

mammals. 

1.5. Project background and key research aims 

The impetus for this research arose from the Western Australian Department of 

Parks and Wildlife (Parks and Wildlife) as part of their Rangelands Restoration 

program and was conducted at Lorna Glen.  In 2000, the Western Australian 

government purchased Lorna Glen – a former pastoral lease – for the creation 

of a conservation reserve, to be managed by Parks and Wildlife.  In 2015 the 

Wiluna Martu Aboriginal community was awarded native title over the property 

(and the adjacent former Earaheedy pastoral lease) and the name was changed 

to Matuwa and established as an Indigenous Protected Area (IPA).  The field 

research conducted for this thesis occurred before this change occurred.  

However, the objectives of the Rangelands Restoration program continue and 

the partnership between Parks and Wildlife and the Martu community which 

began with the initial purchase and management of the property remains strong 

and active.   

Part of the objectives of the Rangelands Restoration program at Matuwa IPA 

includes (1) controlling feral cats and (2) reintroducing native mammals that 

have been extirpated from the region.  To accomplish these goals Parks and 

Wildlife staff developed a feral cat control program for the property which 

consists of annual aerial application of toxic sodium monofluoroacetate 

(compound 1080) Eradicat® baits at a density of 50 baits/km2.  This baiting 

program has been in operation since 2003 and has been successful in reducing 

feral cat activity to approximately half that of pre-baiting levels; however the 

long-term impact on feral cat abundance remains unclear (Algar, Onus & 

Hamilton 2013).  After the first few months of baiting, feral cat activity drops 

substantially, but usually returns to pre-baiting levels before the next baiting 

cycle.   
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Despite the reduction in feral cat activity this baiting program has achieved, 

many locally extinct mammal species are vulnerable to predation by even low 

densities of feral cats (Christensen & Burrows 1995) so in 2007, Parks & 

Wildlife constructed a 1,100 ha predator-proof enclosed fence compound on the 

property.  Several species of small- and medium-sized threatened mammals 

have been released into the compound and are thriving (Dunlop & Morris 2009).  

Mammal reintroductions have been trialled outside of the compound (free 

range) with mixed success due to predation by feral cats and dingoes. 

While feral cats pose a significant threat to fauna conservation in arid Australia, 

broad area control has proven to be difficult (Dickman 1996; Algar & Burrows 

2004).  Positive dingo management – in the form of the cessation of control or 

methods to increase their abundance and/or distribution – represents a potential 

tool for broader feral cat control but also comes with great risks and potential 

conflicts of interest across the region.  A better understanding of the relationship 

between these two predators is needed before devising expensive and 

controversial management programs aimed at retaining or promoting dingo 

populations as a fauna conservation measure.   

The goal of this thesis was to enhance the understanding of dingo and feral cat 

interactions in arid Australia and to help inform their management to deliver 

quality cost-effective biodiversity conservation to the region.  Despite this 

seemingly straightforward goal, addressing it proves to be no small task.  

Strong evidence of predator interactions is best achieved through experimental 

manipulations of predator abundance; however like many studies, this was not 

logistically possible to achieve during my study.  In the absence an ability to 

manipulate predator numbers, numerous paths of investigation are needed that 

can corroborate evidence from many different angles and untangle interlinked 

questions (Ford & Goheen 2015).  In this thesis I combined multiple 

methodologies to characterize the nature of the interaction between dingoes 

and feral cats.  This approach allowed me to evaluate evidence of their 

interactions from several different angles thereby providing a robust 

assessment of their relationship.  To achieve this goal I outlined three main 

aims for this thesis: 
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1. Develop a reliable methodology for surveying predators and large prey 

that can accurately measure their occurrence in the landscape. 

2. Evaluate the potential for interspecific competition between dingoes and 

feral cats and the potential impact each pose to threatened mammal 

species.  

And, 

3. Understand the space use and fine-scale habitat selection of dingoes 

and feral cats. 

While many possible avenues exist for investigating the relationship between 

dingoes and feral cats, these aims represent a holistic approach that build on 

one another thereby providing a substantive assessment of their relationship.  

In order to understand how predators interact and how they influence aspects of 

their environment, it is vital to know how to survey them.  Hence this first aim is 

a fundamental initial step on which the thesis builds.  Nonetheless, the 

occurrence of predators in the landscape is just one part of the story.  By 

examining evidence for interspecific competition I delve deeper into the nature 

of the interaction between dingoes and feral cats.  This information, together 

with the information that I gained from evaluating the potential impact each 

predator poses to threatened species, can then be used to inform predator 

management strategies and on-ground conservation approaches.  Finally, the 

third aim returned to the issue of predator occurrence in the landscape but 

examines it in greater detail and at a finer scale by looking at what biotic and 

abiotic features of the landscape influence dingo and feral cat habitat use.   

With information at this scale, I combined the information that I obtained in the 

second aim to provide an even more a more holistic picture of the nature of 

dingo and feral cat interactions in arid Australia.   

1.6. Thesis outline 

I use both non-invasive and direct survey methods conducted at Matuwa IPA 

over two field seasons to address my three research aims.  The first chapter of 

this thesis provides the relevant theoretical background and current body of 

work within in which my thesis sits.  In Chapter 2, I use remote camera traps to 

understand how to best detect both predators and prey at Matuwa IPA.  I use 

the information gathered from these surveys to understand the role that habitat 
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plays in determining the occurrence of dingoes, feral cats, and macropodids 

across the landscape and to make inferences about their ecological 

relationships.  Chapter 3 examines the diets of dingoes and feral cats from field-

collected scats and assesses the level of dietary overlap between them and the 

frequency with which they consume medium-sized mammals.  I use this data to 

assess the potential for interspecific competition between dingoes and feral cats 

and provide recommendations for their management.  In this chapter, I also 

develop a new method for reducing error in scat species identity and show how 

this observer error can confound the understanding of the ecological 

relationship between predators and prey.  Chapter 4 expands on the spatial 

relationship between dingoes and feral cats by using telemetry data from gps-

collared dingoes and feral cats to characterise their seasonal space use and 

fine-scale habitat selection for both biotic and abiotic features in the landscape.  

The combination of spatial and dietary analysis in this thesis allows for a two-

faceted approach that produces a very detailed characterization of the intraguild 

relationship between dingoes and feral cats in arid Australia.  In Chapter 5, I 

summarize my results with respect to my three main thesis aims, and discuss 

how the findings from each chapter relate to one another.  Finally, I discuss the 

limitations of my research and implications for management, and provide 

suggestions for future research. 
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2. On the right track: Understanding the influence of roads and 

lures improves camera trap surveys for predators and prey 

2.1. Preface 

Because medium- to large-bodied terrestrial mammalian predators often occur 

over low densities or exhibit cryptic behaviours, they are inherently difficult to 

survey.  Therefore an important first step of my thesis was to develop a reliable 

methodology that could accurately assess the populations of dingoes, feral cats, 

and the species with which they interact.  By testing the effectiveness of 

different camera trap designs, this chapter establishes a methodology to 

accurately measure the occurrence of predators and prey in the landscape.  

The results of the camera trap surveys provide an important first glimpse into 

the nature of the spatial relationship between dingoes, their prey, and feral cats 

that provides the foundation for much of the subsequent research.  

2.2. Abstract 

In order to accurately survey top predators and characterise their influence on 

sympatric species, survey methods need to address detectability and account 

for imperfect detection.  We explored how camera trap sampling design 

influenced our ability to detect and estimate the occurrence of dingoes, feral 

cats, and two macropodid species – the dominant prey of dingoes – in a semi-

arid conservation reserve in Western Australia.  We manipulated the use of 

audio lures and the placement of cameras on or off unpaved roads to examine 

the probability of detection and also explored the influence of habitat on species 

occupancy estimates.  We found that the addition of audio lures at camera trap 

sites did not improve the ability to detect any of the targeted species.  When 

cameras were placed on roads the probability of detection was 13 times higher 

for dingoes and four times higher for feral cats.  Occupancy estimates for 

dingoes and macropodids were much higher in woodlands compared to 

grasslands while cats showed no difference in occupancy across these two 

habitat types.  By placing cameras on roads we achieved robust estimates of 

both detection and occupancy in a modeling framework that accounted for 

imperfect detection. 
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2.3. Introduction 

Apex predators play important roles in shaping ecosystems and sustaining 

biodiversity through direct predation and behavioural suppression of prey and 

smaller-bodied, subordinate mesopredators (Ritchie & Johnson 2009; Terborgh 

& Estes 2010; Ripple & Beschta 2012).  Understanding the influence of apex 

predators on ecosystem processes requires reliable and accurate estimates of 

the population status of both the apex predator and sympatric species with 

which they interact.  Increasingly, remote camera traps are being employed to 

investigate predator ecology and are frequently used to measure population 

features such as abundance and occurrence (Kays et al. 2008; Rovero et al. 

2013; Swann & Perkins 2014).  However, camera traps – like any wildlife survey 

method – are prone to imperfect detection (Burton et al. 2015; Meek, Ballard & 

Fleming 2015).  When not properly accounted for, imperfect detection can 

confound population measures and obscure important ecological patterns 

(Wenger & Freeman 2008; Dénes et al. 2015).     

Error in estimates of abundance can occur in camera trap studies when indices 

based on photographic capture rates are used as surrogates for abundance.  

These indices assume a constant or predictable relationship between the index 

value and abundance (Larrucea et al. 2007; O’Brien 2011; Hayward & Marlow 

2014; Swann & Perkins 2014; but see Nimmo et al. 2015); an assumption that 

is rarely validated (Cutler & Swann 1999; but see Jhala, Qureshi & Gopal 2011).  

Hence detection cannot be separated from abundance and non-detection 

remains ambiguous – it is either the result of a species absence or a species 

presence that remains undetected.  Models that use this data to calculate naïve 

estimates of abundance such as generalized linear models (GLMs) with a 

Poisson regression will tend to underestimate true abundance and thus perform 

poorly in the presence of detection error (Sólymos, Lele & Bayne 2012).  

Therefore the use of relative indices in these model frameworks is generally 

discouraged when the goal of the study is to make inferences on abundance 

unless the relationship between the index and abundance can be verified 

(O’Brien 2011).   

Methods exist to account for detection when estimating abundance of predators 

from camera trap surveys (Dénes et al. 2015), but many of these rely on count 
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data of identifiable individuals and thus are not feasible for animals that do not 

present unique markings.  When identification of unique individuals is not 

possible, site-occupancy models are commonly used (MacKenzie 2006) and 

provide an estimate of species occurrence rather than abundance.  While the 

estimation of abundance may be preferred, occurrence is often a viable metric 

for assessing predator populations and can be used to gauge “area of use” or 

“extent of occurrence” (Steenweg, Whittington & Hebblewhite 2015). In site-

occupancy models, occurrence is the result of underlying ecological processes 

and is governed by the parameter ψ or occupancy – the probability of an area 

being occupied by a species over the time of the study.  Detection (pd) – the 

probability of detecting a species given presence – is driven by the observation 

process which is informed from the pattern of temporally replicated 

detection/non-detection data at each site (Kéry 2010).  Detection can be 

influenced by local habitat features or by features of the surrounding landscape 

(Nupp & Swihart 1996; Mancke & Gavin 2000; Odell & Knight 2001). These 

features will influence detection if they affect local density, movements of 

individuals, or the efficiency of sampling (Gu & Swihart 2004).   

Because many predators are cryptic and/or occur over low densities, their 

detection is typically low.  Thus the problem of securing an adequate sample of 

individuals for statistical inference often remains a key challenge for many 

predator studies (Wilson & Delahay 2001; Balme, Hunter & Slotow 2009).  To 

combat this problem, camera trap studies commonly employ attractants such as 

baits or lures to draw the target species to the camera for capture, or place 

cameras along specific features such as roads or trails where target animals are 

likely to travel (Kays et al. 2008; Meek et al. 2014). Because attractants are 

perceived to increase the efficiency of sampling while roads or trails may 

influence local density or movement of individuals, the incorporation of these 

features into camera trap studies are predicted to influence the probability of 

detection (Gu & Swihart 2004).  Despite the common use of attractants and 

road or trail-placed cameras, empirical testing of the effects of these features on 

detectability is limited and remains a high priority for camera trap studies 

(Burton et al. 2015) 
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In order to accurately characterise the influence of top predators on 

ecosystems, camera trap surveys need to address issues of detectability and 

account for imperfect detection.  Australia provides an excellent case study for 

examining detectability in camera trap studies as there is a critical need to 

understand the role of the continent’s top terrestrial predator; the dingo Canis 

dingo (Meyer).  An increasing debate surrounds the role of dingoes in Australian 

landscapes and their ability to regulate invasive introduced mesopredators, 

such as foxes Vulpes vulpes (L.) and feral cats Felis catus (L.) for the positive 

benefit of threatened fauna (Letnic et al. 2011; Allen et al. 2013; Hayward & 

Marlow 2014; Nimmo et al. 2015).  A central aspect to this debate is a frequent 

reliance by many studies on un-validated relative indices based on 

photographic capture rates that fail to account for detection probability.  This 

has led many to call for analytical approaches that can simultaneously estimate 

the ecological variable of interest and detectability; such as site-occupancy 

models (Hayward et al. 2015).  The need for addressing imperfect detection to 

resolve the role of a continent’s apex predator highlights the importance of this 

issue in Australia and servers as a context for the priority of this issue globally 

(Kéry & Schmid 2004). 

In this paper, we explore the use of camera traps to detect dingoes, their 

sympatric mesopredator the feral cat, and two of their dominant prey species – 

the red kangaroo Macropus rufus and the euro M. robustus – in a semi-arid 

conservation reserve in Western Australia.  The reserve is located in an isolated 

part of the state but contains a considerable network of unpaved roads from a 

lasting legacy of pastoral land use which still occurs in region.  These roads are 

essential to achieve conservation management goals over a large area with 

little infrastructure but are also likely to influence the movements of dingoes and 

feral cats as evidence exists that both these species select for roads in the 

landscape (Robley et al. 2010; Doherty, Bengsen & Davis 2014).  Additionally, 

the capture or survey of these predators may be enhanced with the use of baits 

or lures (Fleming, Bomford & Trust 2001; Read et al. 2015).  Therefore, by 

using lures and placing cameras on roads the number of photographic captures 

of target species can potentially be increased thereby increasing monitoring 

efficiency. 
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The reserve also contains a mosaic of different habitat types which are known 

to affect the distribution and abundance of many native reptiles and small 

mammals (Morton & James 1988).  We suspected that these may also 

influence the distribution and abundance of dingoes, feral cats, and 

macropodids at the reserve.  For example, in arid regions of Australia, large 

macropodids may prefer woodlands over grasslands (Short et al. 1983).  

Therefore it seems likely that dingoes might also occur in woodlands with more 

frequency as the result of the distribution of their dominant prey.  As the 

subordinate predator, feral cats may choose to avoid habitats occupied by 

dingoes, but their distributions may also be driven by prey availability.  In 

Australia, feral cats are known to prey on a variety of small- and medium-sized 

mammals as well as many birds, reptiles and invertebrates which vary in their 

distribution across the landscape with respect to habitat type (Paltridge 2002). 

The goals of this study were to understand how roads and lures affect the 

detection of dingoes, feral cats, and macropodids as well as how different 

habitat types affect the occurrences of these species.  Addressing these goals 

will help us implement more effective wildlife monitoring and deliver better 

conservation management. We aimed to answer the following two questions 

and test their associated predictions: 

(1) How do features of camera trap design including the use of lures and 

placement of cameras on access roads influence the ability to detect species? 

Prediction (1): Detection of dingoes and feral cats will be higher when 

audio lures are used but the detection of macropodids will 

show no association with the audio lures 

Prediction (2): Detection of dingoes and feral cats will be higher with 

cameras placed on roads but detection of macropodids 

will show no relationship with camera placement 

(2) What is the role of habitat in influencing species occurrence?  
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Prediction (1):  The occurrence of dingoes and macropodids will be higher 

in woodland habitats while occurrence of feral cats will be 

higher in grasslands.    

2.4. Materials and Methods 

STUDY SITE 

The study was conducted in June and July 2013 at the Matuwa Indigenous 

Protected Area (IPA) – a 2,410 km2 reserve located in the arid rangelands of 

Western Australia 842 km northwest of the state capital Perth (26.23°S, 

121.56°E; see Fig. 2.1).  The IPA was a former pastoral lease (Lorna Glen) that 

was destocked in 2003, however much of the surrounding land remains under 

pastoral production and sporadic cattle incursions occur. The region is classified 

as hot arid desert.  Rainfall is erratic and unpredictable but generally low with a 

long term annual mean of 259 mm.  During the year of this study the annual 

rainfall received was 430 mm; well above this long term average.  Vegetation 

communities of the region have been described by Beard (1976) and can be 

broadly classified as either hummock grasslands – dominated by spinifex 

Triodia basedoweii or T. melvillei – or open woodlands dominated by mulga 

Acacia aneura.  Seasonal lakes or claypans as well as low-lying samphire 

shrublands occasionally occur on the property as well.  Feral cat control using 

toxic sodium monofluoroacetate Eradicat® baits occurs on the property annually 

and has shown some success in reducing cat activity at least in the short term 

(Algar, Onus & Hamilton 2013).  This study was conducted just prior to annual 

control.   

CAMERA TRAP DESIGN 

In June 2013, we deployed 80 passive infrared motion detector and nighttime 

infrared illuminator cameras (Reconyx Hyperfire PC900) throughout the 

reserve. Cameras were spaced cameras a minimum of 1.5 km apart with an 

average spacing of 2.73 km ± 1.03 (s.d.) and at least 1 km from the boundary of 

the reserve (Fig. 2.1).  We chose this spacing to maximize survey area while 

maintaining a camera trap density that was high enough to capture target 

predators based on known home ranges in the region (Burrows et al. 2003) yet 
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low enough to reduce the possibility of spatial autocorrelation from repeat 

captures of the same individuals.  

Cameras were randomly assigned to two treatments each comprising two 

factors.  A road treatment involved the placement of cameras either on or off 

any minor unsealed road; while a lure treatment used either an attractant in 

association with the camera or else left the camera with no lure (Fig. 2.1).  The 

attractant was the same for all cameras assigned this treatment level and 

consisted of a battery-operated audio lure that produced a random chirping 

sound mimicking the call of a lost chick (Felid Attracting Phonic, Westcare 

Industries, Western Australia).  This particular lure was chosen because it has 

been used for leg-hold trapping of feral cats at the study site with some 

success.  The lure was placed approximately 5 m directly in front of the camera, 

staked to the ground, and covered with a small amount of vegetation.  Camera 

locations were determined by generating random points along any of the minor 

unsealed roads on the property using a random point generator in ArcGIS. 

There are a total of 852 km of unpaved vehicular roads on the reserve which 

receive very little traffic due to the remoteness of the location.   

Cameras placed on roads were set one meter off the road and the field of vision 

was angled 45 degrees across the road to increase the likelihood of capturing 

fast-moving species.  We placed off-road cameras approximately 125 m from 

the randomly-generated road point; a distance which has been shown to be 

independent of any road effects among other carnivore species (Srbek-Araujo & 

Chiarello 2013).  Cameras were placed at an angle perpendicular to the road; 

selecting the exact site so that the camera’s field of view and detection zone 

would not be obstructed by vegetation (See Fig. S. 2.1 in the Supplemental 

Information for examples of these set up designs).  Habitat type at each camera 

was classified broadly as either grassland or woodland using available 

Geographic Information System data files for the Australian National Vegetation 

Information System (ESCAVI 2003) and the Soil-landscapes of Western 

Australia (Tille 2006).  Although vegetation in these two major habitat types is 

generally sparse, understory vegetation such as grasses can restrict the field of 

view of cameras placed low to the ground.  To overcome this, we placed all 

cameras at a height of 100 cm and angled them slightly (~5°) downward.   
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Fig. 2.1. Location of 78 camera traps deployed during June and July 2013 at the 2,410 km
2
 

Matuwa Indigenous Protected Area in the semi-arid interior of Western Australia. Cameras were 
set a minimum of 1.5 km apart with an average spacing of 2.73 km ± 1.03 (s.d.) and at least 1 
km from the boundary of the reserve. 

Cameras were oriented towards the southern half of the sky to avoid 

interference from the sun during sunrise and sunset and were programmed to 

take three consecutive photos when the sensor was triggered, with no delay 

between images or sets.  Due to the logistics involved in covering the entire 

property, cameras were set up over a period of four days; therefore deployment 

lasted between 16 and 20 days.  Photographs were examined and species 

identified using Camera Base 1.6.1 (Tobler 2007), an Access-driven program 

which reads the date and time information from the EXIF data of batch-imported 

photos.  All analyses were conducted in R version 3.1.3 (R Core Team 2014). 

ANALYSIS 

To determine independent photo captures we followed the procedure of Brook 

et al. (2012) and plotted histograms of the time interval between successive 

photographs for each targeted species at each camera summed over all 

cameras.  Captures of target animals showed a peak for elapsed times below 

10 minutes but dropped off sharply to a distinct low by 30 minutes.  Therefore, 
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we defined independent captures as those separated by 30 minutes or more 

unless individuals were distinguishable below this threshold.  It was not always 

possible to distinguish between the two species of macropodids – the red 

kangaroo and the euro – therefore we only identified these species to genus.   

To determine how aspects of camera trap design influenced the ability to detect 

each target species we analysed the two treatment covariates – lure and road – 

separately.  This was done because the data needed to be subset to 12 days to 

match the minimum length of battery life over which field-tested lures lasted.  

However, a sensitivity analysis revealed that this was not a sufficient amount of 

time for occupancy estimates to stabilize.  Therefore we analysed the effect of 

lure first using the count of independent photographic captures over the 12 day 

period as the response variable. We used generalized linear models (GLMs) to 

determine whether the use of audio lures was a predictive factor in detecting – 

i.e. capturing photos of – each target species.  Although we previously 

discussed the drawbacks of estimating abundance in this modeling framework 

because no account of imperfect detection is made, in this case we are simply 

interested in whether audio lures were a predictive factor in detecting target 

species and we make no attempt to estimate an ecological variable in this 

analysis.  Hence this model framework is appropriate for this analysis. 

To determine whether audio lures were an important factor for increasing 

detections, we used GLMs for each species that included lure, road, and habitat 

as covariates and used a Poisson distribution to model the response variable.  

Camera was included as a random effect to account for any over-dispersion in 

the distribution of the response variable, per Elston et al. (2001).  We did not 

have any a priori expectation of interactive effects of any of the covariates so 

did not include interactions in the models.  We used likelihood ratio tests 

between the full fitted models and the models with lure removed as a covariate 

to test the null hypotheses that the addition of audio lures at camera trap sites 

does not improve the ability to detect target species.  All analysis and 

hypothesis testing was done in R using the package lme4 version 1.1-8 (Bates 

et al. 2013). Finally, we examined the spline correlograms constructed from the 

residuals of the full fitted model and the coordinates of camera placements for 
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each species to examine the extent of spatial autocorrelation in the data (Zuur 

et al. 2009) using the R package ncf version 1.1-5 (Bjornstad 2009). 

To examine the influence of roads on detection and habitat-type on occurrence, 

we used single-season occupancy models for each target species using the full 

deployment period of each camera and discretizing the capture data daily.  

Single-season occupancy models assume that the occupancy state of a site 

does not change over the duration of the survey; an assumption commonly 

referred to as closure (MacKenzie 2006).  However because camera trap 

detection zones are inherently small they are never permanently occupied, 

especially for large species; hence closure is typically violated.  Instead, we shift 

the definition of occupancy from the proportion of sites permanently occupied 

during the study to the proportion of sites used during the study (MacKenzie & 

Royle 2005).  For each species, the four possible models included camera 

placement on or off roads potentially affecting detection and habitat type 

potentially affecting occupancy: 

model 1: a null model of constant detection probability, constant 

occupancy (pd(.), ψ(.)), 

model 2: detection held constant, occupancy as a function of habitat type 

(pd(.), ψ(habitat)), 

model 3:  detection as a function of camera placement, occupancy held 

constant (pd(road), ψ(.)), or 

model 4:  detection as a function of camera placement, occupancy as a 

function of habitat type (pd (road), ψ(habitat)). 

Models were fitted in R using the package ‘unmarked’ version 0.10-6 (Fiske et 

al. 2010) and evaluated using model selection (Burnham & Anderson 2002). For 

each species we used Model 4, the global model, to estimate both detection 

probabilities on and off vehicular tracks, as well as occupancy in the two 

primary habitat types.  Model estimates were back-transformed to the 

probability scale along with 95% profile likelihood confidence intervals (CIs) 

which were used as indicators of direction and strength of effects.  Unlike Wald 
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confidence intervals, profile likelihood confidence intervals don’t assume 

normality of the estimator and typically perform better for small sample sizes 

(Royall 1997).  Formal hypotheses tests were conducted using likelihood ratio 

tests between models.  For example, to test the null hypothesis that detection is 

not affected by camera placement either on or off roads we conducted 

likelihood ratio tests between models 2 and 4 for each species.  Likewise to test 

the null hypothesis that site use is not associated with habitat type; we 

conducted likelihood ratio tests between models 3 and 4 for each species or 

species group.  

2.5. Results 

A total of 319 independent photo captures occurred over 1407 camera trap 

nights recording 25 identifiable mammal and bird species, with eight captures 

that could not be identified (see Fig. 2.2).  Nine mammal species made up 

78.1% of the total captures and 16 bird species made up the remaining 19.4%.  

Macropodids (M. robustus and M. rufus) were the most commonly recorded 

mammal species making up 33.9% of all mammal photo captures; while 

dingoes, camels, and feral cats were the next most frequently photographed 

species.  Overall, camera trapping rates – measured as the number of 

photographic captures per 100 trap nights – for mammals was higher on road-

placed cameras than on cameras set off road and was higher in woodland 

habitats than in grasslands; see Table S. 2.1. 

EFFECT OF AUDIO LURES ON DETECTION 

Traps rates were higher for all three species groups when audio lures were 

used (dingo = 4.0; cat = 2.7; macropodid = 8.7) compared to when they were 

not used (dingo = 2.0; cat = 1.7; macropodid = 5.2). However, the GLM 

likelihood ratio tests between the models that include lure as a covariate and 

those that did not indicated that audio lures did not improve the model predictive 

capacity for detecting dingoes (χ2
df=1 = 1.99, p > 0.05), cats (χ2

df=1 = 1.54, p > 

0.05) and macropodids (χ2
df=1 = 2.25, p > 0.05). Examination of spline 

correlograms indicated that spatial autocorrelation was not present in the data 

(see Fig. S. 2.2). 

 



28 
 

 

Fig. 2.2. Distribution of the 319 photographic captures by species recorded at Matura IPA over 
1,407 trap nights from a total of 78 cameras.  Latin names for each species are listed in Table 
S. 2.1. 

EFFECTS OF CAMERA PLACEMENT AND HABITAT ON DETECTION AND 

OCCUPANCY 

For dingoes, the best model in AIC competition was model 4 

(pd(road), ψ(habitat)) with detection expressed as a function of camera 

placement and occupancy as a function of habitat (Table 2.1).  For feral cats, 

model 3 (pd(.), ψ(habitat)) with detection as a function of camera placement and 

constant occupancy best explained the data; and for macropodids the best 

model was model 2 (pd(.), ψ(habitat)); constant detection and occupancy as a 

function of habitat.  Model 4 was among the most parsimonious for all species 

and was used to obtain parameter estimates for detection and occupancy for all 

three species (Table 2.2). 

The results of the model likelihood ratio tests indicated that camera placement 

on- or off- road strongly affected the detection for dingoes (χ2
df=1 = 34.5, p < 

0.001) and feral cats (χ2
df=1 = 12.2, p< 0.001) but not for macropodids (χ2

df=1 = 

0.129, p= 0.719) while habitat strongly affected the occupancy of dingoes (χ2
df=1 

 

= 6.70, p< 0.01) and macropodids (χ2
df=1 = 12.9, p < 0.001) but not feral cats 

(χ2
df=1 

 = 0.65, p= 0.42 ). The probability of detection for dingoes and feral cats 

was very low off roads but correspondingly much higher for both species on 
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roads Fig. 2.3.  The probability of detection for macropodids did not differ much 

between camera sites on- and off-road.  Both dingoes and macropodids 

exhibited higher occupancies in woodlands compared to grasslands.  On the 

other hand, cat occupancy was only slightly higher in grasslands when 

compared to woodlands. 

Table 2.1. Aiaike Information Criteria (AIC) and model weights of the four competing single-
season site-occupancy models constructed from camera-trapping data for the three target 
species at Matuwa IPA 

∆AIC = change in AIC from best model, Wt = AIC weights 

Species and model AIC   ∆AIC   Wt   R² 

Dingo 
      

 
   p(road),ψ(habitat) 331.12 

 
0 

 
0.91 

 

0.407 

   p(road),ψ(.) 335.82 
 

4.70 
 

0.09 
 

0.353 

   p(.),ψ(habitat) 363.63 
 

32.51 
 

0.00 
 

0.072 

   p(.),ψ(.) 367.36 
 

36.25 
 

0.00 
 

0.000 

Cat 
      

 
   p(road),ψ(.) 261.14 

 
0 

 
0.66 

 

0.147 

   p(road),ψ(habitat) 262.49 
 

1.35 
 

0.34 
 

0.154 

   p(.),ψ(.) 271.07 
 

9.93 
 

0.00 
 

0.000 

   p(.),ψ(habitat) 272.73 
 

11.59 
 

0.00 
 

0.004 

Macropods 
      

 
   p(.),ψ(habitat) 508.52 

 
0 

 
0.72 

 

0.153 

   p(road),ψ(habitat) 510.39 
 

1.87 
 

0.28 
 

0.154 

   p(.),ψ(.) 519.45 
 

10.93 
 

0.00 
 

0.000 

   p(road),ψ(.) 521.3 
 

12.79 
 

0.00 
 

0.002 

 

Table 2.2. Parameter estimates (±1s.e.) from the global occupancy model (p(road),ψ(habitat)) 
for target species at Matuwa IPA. 

Species 
Occupancy Detectability 

Spinifex Mulga On-road Off-road 

Dingo  -0.51±0.61   1.97±1.18  -2.28±0.20  -6.13±1.02 

Cat   0.16±0.66  -0.46±0.53  -2.38±0.26  -4.67±0.66 

Macropod  -1.35±0.47   0.66±0.40  -2.07±0.20  -2.18±0.22 
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Fig. 2.3. Parameter estimates of the global occupancy model (pd(road), ψ(habitat)) for (a) 
detectability and (b) occupancy of each target species from 78 camera traps at Matuwa IPA. 

2.6. Discussion 

In order to understand the roles that apex predators play in shaping biodiversity 

and driving ecosystem processes, reliable and accurate methods are needed to 

detect them and measure their populations and the populations of the species 

with which they interact.  We found that by placing cameras on roads we greatly 

increased the probability of detecting feral cats and dingoes but not 

macropodids.  We also found that although the use of audio lures increased 

capture rates for all target species, it did not improve the capacity to detect any 
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of them.  The occupancy models also provided insight into how habitat 

influenced the occurrence of these species in this landscape.  Occupancies of 

dingoes and macropodids were significantly higher in woodland habitats 

compared to grasslands while feral cats exhibited near-equal occupancy in both 

habitats (Fig. 2.3b).  These results further the understanding of the ecological 

relationship between predators and prey in the context of arid Australian 

landscapes, and allow us to provide recommendations for designing camera 

trap studies of species interactions in other ecological communities. 

We found that the probability of detecting both dingoes and feral cats was much 

higher from cameras placed on roads than those placed off roads (Fig. 2.3a). 

Road-placed cameras increased the probability of detecting dingoes 13-fold, 

and feral cats 4-fold.  Camera trap studies that have investigated the 

importance of roads and other linear feature in detecting canids and felids have 

typically found that detection rates of these species are higher from on-road or 

on-trail cameras. For example, in South America, jaguars, pumas, and ocelots 

have been recorded more frequently from cameras placed on trails (Harmsen et 

al. 2010; Sollmann et al. 2012; Srbek-Araujo & Chiarello 2013; Blake & 

Mosquera 2014; Di Bitetti, Paviolo & De Angelo 2014; Cusack et al. 2015). 

Cusack et al. (2015) found that detections of jackals, wild cats, leopards, and 

lions in Tanzania were all greater from trail-based cameras. In Australia, several 

studies have demonstrated higher capture rates of dingoes, feral cats, and 

foxes from road-based cameras compared to off-road camera sets (Towerton et 

al. 2011; Wang & Fisher 2013; Read et al. 2015).  The present findings are 

consistent with these studies and support the commonly held belief that the 

deployment of cameras on roads or trails will achieve higher detection rates of 

carnivores (Meek et al. 2014). 

The probability of detecting macropodids did not differ between cameras that 

were placed on or off roads (Fig. 2.3a).  It is common for some herbivore 

species, including macropodids, to feed more frequently along the edges of 

roads especially in arid environments where runoff from roads may cause a 

flush in palatable vegetation (Forman & Alexander 1998; Lee et al. 2004; Bond 

& Jones 2014).  A clustering of activity near road edges in this situation may 

lead to a higher activity and greater detection along roads; though not 
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necessarily a higher use of roads for travel.  Because the roads at the study site 

are all unpaved – hence porous – and generally flat, the roadside vegetation is 

unlikely to flush any more than the surrounding vegetation following significant 

rains.  Therefore, there is no reason to expect foraging activity and thus 

detections of macropodids to be higher from cameras placed on roads.  For 

camera trap studies including herbivores as target species, a basic 

understanding of the effect of roads on the feeding ecology of the herbivore 

may help inform appropriate survey design.  

Trap rates of cameras with audio lures were 100%, 59%, and 67% higher than 

cameras without audio lure for dingoes, feral cats, and macropodids 

respectively. However the use of these lures did not improve the capacity to 

detect any of these species.  This is probably because the influence from the 

other variables – road and habitat – was far more important in determining 

detections.  Despite the fact that decoying predators with mimicked distress 

calls of prey is an effective tool long used by hunters and observers to lure 

predators (Schlexer 2008), audio lures have been used infrequently in predator 

surveys.  Studies investigating the effect of audio lures on detectability are rare 

for most ecosystems and species globally.  Read et al. (2015) found that audio 

lures did not increase photo captures of dingoes and feral cats but that they did 

elicit behavior responses in these predators.  In a study by Moseby, Selfe and 

Freeman (2004) the proportion of sites with audio lures visited by feral cats was 

significantly greater compared to sites with no lures.  Given these results and 

the results reported here, it seems that the use of audio lures may attract 

predators to camera traps but any benefit of increased detection from audio 

lures is likely to be insignificant compared the benefit from deployments on road 

or in appropriate habitats. 

We deployed cameras across the two main habitat types at the study site – 

woodlands and grasslands – to examine the habitat preferences of target 

species.  The results showed that dingoes and macropodids exhibited higher 

occupancies in woodlands compared to grasslands while feral cat occupancy 

was relatively equal for both habitats (Fig. 2.3b).  Apex predators are likely to 

select habitats based on where prey is more abundant or easier to access 

(Stephens & Krebs 1986).  This foraging strategy has been well-documented for 
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many species of carnivores (Litvaitis, Sherburne & Bissonette 1986; Pike et al. 

1999; Palomares et al. 2001; Spong 2002).  In arid regions of Australia, the two 

species of macropodids present at the study site typically prefer woodland 

habitats and are infrequently found in hummock grasslands as the former 

typically supports better quality browse (Short et al. 1983).  Therefore it is likely 

that the higher occupancy of dingoes in woodlands is driven by the occurrence 

of their main prey species there.   

While these data do not allow for the detection of causal relationships between 

dingoes and feral cats we can offer some hypotheses regarding the nature of 

their interaction.  The equal occurrence of feral cats in both habitat types 

suggests that their selection and use of habitat may not be strongly influenced 

by dingoes. The top-down control exerted by apex predators over smaller-

bodied mesopredators has been well-documented (Ritchie & Johnson 2009; 

Terborgh & Estes 2010; Ripple & Beschta 2012).  When two predators compete 

for the same prey, the large predator has been demonstrated to often exclude 

the smaller predator from areas or habitats occupied by the former (Palomares 

et al. 1996; Fedriani, Palomares & Delibes 1999; Berger & Conner 2008).  For 

example, in Doñana National Park, Spain where both lynx and foxes compete 

for rabbits; foxes will actively avoid habitats frequented by lynx (Fedriani, 

Palomares & Delibes 1999).  In arid Australia, dingoes and feral cats tend to 

consume different prey, and hence dietary competition between the two species 

is low (Doherty 2015; see also Chapter 3).  Two competing species are able to 

coexist when there is some degree of resource partitioning either in diet, space, 

or time (Gause 1934).  As such, a lack of competition for prey may facilitate the 

co-occurrence of the two species in woodland habitats and allow feral cats to 

exploit both habitats equally.  However it is important to note that avoidance of 

dingoes by feral cats has been demonstrated and is likely to influence smaller-

scale habitat selection and space use feral cats (Brook 2013). 

CONCLUSIONS 

The occupancy model framework allows for the ability to examine how different 

observational-level covariates potentially affect the detection of a target species 

while simultaneously estimating an ecological variable.  Increasingly, occupancy 

models are being used in terrestrial predator research in conjunction with 
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camera trap technology.  Despite this increasing trend, relatively few studies 

have exploited the detection aspect of these models to answer basic questions 

regarding the influence of camera trap design features on the detectability of 

predators (but see Steenweg, Whittington & Hebblewhite 2015).  We show that 

detections of dingoes and feral cats can be extremely low from cameras placed 

off-road.  These species, like many predators, can be cryptic or occur in low 

numbers, making it a challenge to obtain enough data for analysis.  By placing 

cameras on roads we were able to overcome this limitation and achieve 

estimates of occupancy in a modeling framework that accounted for imperfect 

detection and also provided estimates of detectability for all target species.  

These results have important implications that are relevant to future predator 

surveys using camera traps.  Camera traps are often much more difficult and 

time-consuming to set up far away from roads and the use of lures may also 

require additional time and costs to deploy.  For predator species that are 

known to use roads, our results indicate that reliable estimates of occupancy 

can be obtained from cameras set on roads and that lures may not offer any 

additional benefit for detecting predators after doing so.  As such, camera trap 

surveys designed in this way may have the added benefit of significant cost-

savings for any research or management program.  However, for predator 

species that do not use roads extensively, off-road deployments may be more 

effective.  We also caution that road deployments have issues with increased 

likelihood of theft and may require additional equipment such as locked camera 

housing (Meek, Ballard & Fleming 2013).   

Model fits were relatively poor for feral cats and macropodids with respect to 

dingoes (Table 2.1) and thus should be interpreted with caution.  It is possible 

that these fits would improve with larger data sets or with the inclusion of more 

environmental covariates.  Nonetheless, this study shows that estimates of 

occupancy can be obtained for predators using cameras placed on roads.  For 

this reason, we encourage future research to consider this methodology in a 

modeling framework such as site-occupancy as a means to deal with imperfect 

detection. 
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2.9. Supplemental Information 

  

  

  
 

Fig. S. 2.1. Examples of habitat types and camera trap set up at Matuwa IPA.  Eighty cameras 
were set up across the 2,410 km

2
 reserve for up to 20 days resulting in 1,407 trap nights.  The 

left column illustrates examples from grassland habitats while the right column illustrates 
examples from woodlands.  The first row gives typical examples of what each of these habitat 
look like.  The second row illustrates a camera set up for cameras place on and off roads.  
Cameras are set 100 cm above the ground, angled 45° across roads, and generally set in open 
areas when not set up on roads. The third row illustrates the field of view from camera captures 
for each habitat. 
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Table S. 2.1. Trap rates for 25 species recorded from 78 cameras at Matuwa IPA over a period 
of 1,407 trap nights. Trap rates are reported for each species according to camera placement 
(on or off-road) and habitat type (woodland or grassland). 

Species 
road captures habitat captures  

total 
captures 

off- 
road 

on- 
road 

wood-
land 

grass-
land 

Mammals 9.2 26.6 27.3 5.4 17.7 

    Macropod, Macropus robustus & M. rufus 7.1 8.3 12.8 1.1 7.7 

    Dingo, Canis dingo 0.1 7.8 6.3 0.8 3.9 

    Cat, Felis catus 0.4 3.9 2.3 1.9 2.1 

    Camel, Camelus dromedarius 0.4 4.5 3.8 0.6 2.4 

    Cattle 1.0 1.3 1.5 0.6 1.1 

    Rabbit, Oryctolagus cuniculus 0.0 0.4 0.3 0.2 0.2 

    Bilby, Macrotis lagotis 0.1 0.1 0.3 0.0 0.1 

    Echidna, Tachyglossus aculeatus 0.0 0.1 0.1 0.0 0.1 

Birds 3.8 5.1 5.4 3.1 4.4 

    Galah, Eolophus roseicapillus 0.0 2.5 1.8 0.5 1.2 

    Emu, Dromaius novaehollandiae 1.0 0.6 1.3 0.2 0.8 

    Bustard, Ardeotis australis 0.7 0.3 0.8 0.2 0.5 

    Spotted harrier, Circus assimilis 0.4 0.3 0.3 0.5 0.4 

    Brown falcon, Falco berigora 0.4 0.1 0.1 0.5 0.3 

    Brown goshawk, Accipiter fasciatus 0.4 0.0 0.3 0.2 0.2 

    Common bronzewing, Phaps chalcoptera 0.0 0.3 0.3 0.0 0.1 

    Collared sparrowhawk, Accipiter cirrocephalus 0.1 0.1 0.0 0.3 0.1 

    Crested pigeon, Ocyphaps lophotes 0.0 0.3 0.3 0.0 0.1 

    Magpie, Cracticus tibicen 0.1 0.1 0.0 0.3 0.1 

    Yellow-throated miner, Manorina flavigula 0.1 0.1 0.1 0.2 0.1 

    Barn owl, Tyto alba 0.1 0.0 0.1 0.0 0.1 

    Crow, Corvus sp. 0.1 0.0 0.1 0.0 0.1 

    Pied butcherbird, Cracticus nigrogularis 0.1 0.0 0.0 0.2 0.1 

    Wedge-tailed eagle, Aquila audax 0.0 0.1 0.0 0.2 0.1 

    Western quail-thrush, Cinclosoma marginatum 0.0 0.1 0.1 0.0 0.1 

Unknown 0.3 0.9 0.9 0.2 0.6 

No. of sites 40 38 44 34 78 

No. of trap nights 719 688 791 616 1407 
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(a) 

 
(b) 

 
(b) 

 
 

Fig. S. 2.2. Spline correlograms constructed from the residuals of GLM for a) dingo, b) feral cat, 
and c) macropodids with maximum observed distance set to 28,000 m or half the maximum 
distance of the furthest spaced camera pair.  Plots show no skewing above or below the zero 
axes therefore we conclude that spatial auto-correlation is not present in the data and the 
camera spacing is sufficient. 
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3. The truth about cats and dogs: Assessment of dingo and 

feral cat diets improves when observer uncertainty is 

reduced  

3.1. Preface 

In the preceding chapter, I found that feral cats were not spatially segregated 

from dingoes across different habitat types.  Because the spatial coexistence of 

predators is more likely when there is little competition between them for prey or 

other resources, this finding suggested that dingoes may not compete strongly 

with feral cats.  Therefore the next step in my thesis was to explore the potential 

for interspecific competition between the two predators as a possible 

mechanism explaining their spatial distibutions.  In this chapter, I examined the 

extent of dietary overlap between dingoes and feral cats from field-collected 

scats, which I use to gauge the potential for interspecific competition between 

the two predators. 

3.2. Abstract 

Scat analyses are useful for assessing the potential likelihood for competition 

between predators as well as for understanding predators’ relative impacts on 

prey; information that is crucial for effective predator management.  However, 

errors in the identification of scat species origin could result in inaccurate 

conclusions regarding predator ecology, which may ultimately compromise 

wildlife conservation and management efforts.  We developed a new framework 

for decision-making in the face of uncertain scat species origin by incorporating 

field, laboratory, and molecular identification techniques.  We used the 

framework to examine the diets of two predators, the dingo and the feral cat, 

from 696 field-collected scats in the arid zone of Australia.  We examined how 

uncertainty regarding scat species origin changes perceptions of the nature of 

the relationship between coexisting predators and their prey. The results 

demonstrated a low level of dietary overlap between the two predators and, 

importantly, showed that medium-sized mammals most threatened with 

extinction are at a higher risk of impact from feral cats than from dingoes.  The 

extent of dietary overlap between dingoes and cats varied with the method used 

to identify scat species origin.  Only considering laboratory identifications 
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implied dietary overlap was twice as much as when uncertainty in scat species 

origin was resolved through our decision framework. If uncertainty is scat 

species origin is not resolved in dietary studies, practitioners and decision-

makers relying on this information run the risk of making wrong conclusions 

regarding the ecological function of predators, which could have perverse 

outcomes if the wrong predators are targeted for management. 

3.3. Introduction  

Competitive regulation by dominant apex predators can lead to decreased 

growth, survivorship, or fecundity of smaller-bodied mesopredators (Ritchie and 

Johnson 2009).  Such regulation results from competition for shared resources 

such as prey (exploitation competition) or through the persecution, killing or 

consumption of the smaller predator by the larger (interference competition) 

(Polis and Holt 1992).  These interactions can ultimately lead to a reduction in 

abundance or a change in behaviour of the smaller predator so that encounters 

with the larger predator are minimized.  For example, African wild dogs are kept 

at low densities by competition with hyenas and by competition and predation 

from lions (Creel and Creel 1996); while mongooses and genets have been 

shown to avoid areas used by Iberian lynx which are known to harass and 

occasionally kill them (Palomares et al. 1996).   

Although definitive evidence of intraguild competition can only be obtained from 

removal experiments, dietary studies can assess the likeliness for and potential 

severity of competition between two predators (Mac Nally 1983). High levels of 

dietary overlap can indicate an increased likelihood for both exploitation and 

interference competition.  Analysis of scat contents is particularly beneficial for 

assessing diets because this method does not rely on direct observation or 

capture of live individuals, which can be difficult for predators that are elusive, 

difficult to detect, or occur in low densities (Wilson and Delahay 2001).   

Understanding the diets of predators and the extent of dietary overlap can be 

important for assessing the ecological function of predators and ultimately for 

guiding their management (Fedriani et al. 1999).  For instance, in conservation 

programs, it may be desirable to control certain predators to minimize their 

impacts on target threatened species and assist species recovery.  However, 
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predator removal can sometimes have unanticipated cascading effects on other 

trophic groups (Prugh et al. 2009).  For example, when an apex predator is 

removed from a system, suppression of smaller mesopredators may cease, 

allowing them to increase in abundance and activity.  This phenomenon, termed 

“mesopredator release” was proposed to explain the loss of native birds in 

southern California following the disappearance of the coyote (Crooks and 

Soulé 1999) and has been demonstrated in other empirical studies (Ritchie and 

Johnson 2009).  Understanding the potential for competitive interactions 

between predators can help managers avoid unpredicted or unintended 

outcomes from control (Zavaleta et al. 2001). 

Invasive predators are a major driver of species declines (Salo et al. 2007) and 

many management programs seek to reduce their impacts through targeted 

control methods.  Among the most harmful invasive predators globally, the feral 

cat (Felis catus) has had particularly severe impacts on the native biota of 

Australia (Salo et al. 2007).  Although only arriving in Australia ~200 years ago 

at the time of European settlement, the feral cat’s adaptability and hunting 

success coupled with human-aided dispersal across the continent, has resulted 

in a ubiquitous distribution (Abbott 2008; Denny and Dickman 2010).  Because 

feral cats typically consume small- to medium-sized prey rarely larger than their 

own body weight, they have had particularly strong impacts on native mammals 

falling within what has been termed the critical weight range (CWR) for 

extinction risk – between 35 and 5,500 g (Burbidge and McKenzie 1989). 

Reducing the abundance and/or activity of feral cats is critical to the 

conservation and recovery for many CWR mammals (Woinarski et al. 2014). 

Increasing evidence suggests that the dingo (Canis dingo) as the top terrestrial 

predator in Australia may benefit many native CWR mammals through the 

suppressive control of smaller mesopredators including feral cats (Glen et al. 

2007; Johnson et al. 2007).  However, the dingo is largely regarded a pest 

throughout much of Australia for actual or perceived impacts on livestock 

(Fleming et al. 2001) and control programs involving exclusion fencing, poison 

baiting, shooting or trapping, are widely employed across the continent (Corbett 

1995; Fleming et al. 2001).  Additionally, there is some evidence of dingoes 

preying on threatened mammal species within the CWR (Allen and Leung 
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2012).  However, dingoes occur throughout most of Australia in ecosystems as 

diverse as alpine grasslands to the desert, and their diet appears to vary across 

habitats (Fleming et al. 2001).  Appropriate management of dingoes is likely to 

be context dependent and heavily reliant upon their ecological function in the 

management area.  Scat analysis informs managers about the identity and 

quantity of dietary items taken by predators (Klare et al. 2011), and can 

therefore provide an important tool for understanding both the potential for 

dingoes to competitively suppress feral cats, and the relative threat posed by 

each predator to CWR mammals.  However, such analyses can be severely 

compromised if the identity of predator scats cannot be accurately assessed. 

Distinguishing among the faces of sympatric, similar-sized predators can be 

difficult even for trained observers; a fact highlighted by studies that have 

evaluated the accuracy of putative field identifications using molecular genetic 

methods (Davison et al. 2002; Harrington et al. 2010; Janečka et al. 2008; 

Monterroso et al. 2013; Prugh and Ritland 2005) (see Table S. 3.1. in the 

Supplemental Information for examples from these studies).  Yet these 

molecular techniques are not always successful in assigning species 

identification to scats (Murphy et al. 2000) and can be prohibitively expensive 

(Prugh and Ritland 2005).  As a result, many studies continue to rely on trained 

field observers to assign species identity to scats without accounting for or 

acknowledging potential bias from misidentifications (Monterroso et al. 2013).  

Identification errors could result in inaccurate conclusions regarding predator 

ecology, which may ultimately compromise wildlife conservation and 

management efforts.   

In this paper, we develop a new framework for decision-making in the face of 

uncertain scat species origin, which incorporates field, laboratory, and 

molecular identification techniques to resolve uncertainty in scat identities.  We 

use the framework to examine the diets of dingoes and feral cats from field-

collected scats in the arid zone of Australia. We examine the potential for 

intraspecific competition between the two species using dietary overlap 

estimation, and explore the relative impact that each species poses to 

mammals of conservation concern, specifically, native CWR mammals. We then 

examine how uncertainty in scat species origin might change perceptions of the 
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nature of the interaction between an apex predator and an invasive 

mesopredator, and use these results to explore the consequences of misguided 

perceptions about predator identity for conserving native Australian CWR 

mammals and managing sympatric predators.   

3.4. Methods 

STUDY SITE 

The study was conducted on a 2,410 km2 indigenous protected area (IPA) 

known as Matuwa (formerly Lorna Glen cattle station) located in the northern 

Goldfields region of Western Australia, 842 km northwest of the state capital 

Perth (26.23°S, 121.56°E; see Fig. 3.1).  Matuwa was destocked in 2003 and 

cattle are largely absent from the site but occur frequently on surrounding 

properties where cattle production is still active.  The region is a hot arid desert, 

receiving highly erratic and undependable rainfall averaging 259 mm annually.  

Average maximum daily temperatures range from 19.4 °C in winter to 39 °C in 

summer.  Vegetation communities are composed primarily of hummock 

grasslands and open woodlands.  Both dingoes and feral cats co-occur in the 

region and are common at the study site.  A feral cat control program has been 

active at the IPA since 2003 and has had some success in reducing cat 

abundance at the site through annual poison bait applications (Algar et al. 

2013).  The IPA is co-managed by the Department of Parks and Wildlife (Parks 

and Wildlife) of Western Australia and the Wiluna Martu Aboriginal community, 

and is the site of an ongoing restoration program that has included the 

reintroduction of 11 species of small and medium-sized mammal species 

(Dunlop and Morris 2009).   

SCAT COLLECTION AND ANALYSIS 

Diets of feral cats and dingoes were investigated from 696 scats collected 

opportunistically while driving along the 852 km of unpaved roads located on 

the study site from April 2013 to November 2014.  Due to extreme high 

temperatures during the summer months, fieldwork was restricted; hence no 

scats were collected between December and February.  During scat collections, 

roads were driven at an average speed of 25 km/h allowing both the driver and 

front passenger to scan the road and side vegetation for scats or latrine sties.  A 
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single scat was defined as one or more faecal pellets that were deposited in the 

same spot.  Scats were collected in small paper bags, labeled with the location 

and date of collection, and then sent to a specialist laboratory for contents 

analysis (http://www.scatsabout.com.au). For a subset of scats (n=142), a small 

amount of material (<0.1 g) scraped from the outer part of the scat – the portion 

likely to contain mucosal cells of the animal as it passes through the digestive 

tract (Kohn and Wayne 1997) – was retained for genetic analysis prior to 

shipment to the laboratory. 

 

Fig. 3.1. Location of Matuwa Indigenous Protected Area in the semi-arid interior of Western 
Australia. Total area of the reserve is 2,410 km

2
 and includes 852 km of unsealed roads along 

which scat collections were made. 

To process scats, samples were oven-dried at 1000C for 12 hours to kill any 

parasites and then weighed.  Next, the samples were placed in individual nylon 

bags and washed for 15 minutes in a washing machine which left only 

indigestible prey fragments (Johnson and Aldred 1982).  Prey contents were 

identified to the most specific and accurate taxonomic level possible through 



 

51 
 

comparison with known reference material or the literature (Watts and Aslin 

1981; Triggs and Brunner 2002) and hair was identified following the technique 

described by Brunner and Coman (1974).  Typically, mammals were identified 

to species, reptiles to family or suborder, and arthropods to order or class.  

Birds were identified only as ratite, which included one species, the emu 

Dromaius novaehollandiae (Lath.) or non-ratite.  

DIETARY METRICS 

For each scat, prey items were recorded and a percent volume of each prey 

item was visually estimated using a grid system.  We were interested in the 

overall effect of predation on taxonomic and functional groups, thus prey items 

were grouped into eight categories.  Because we were interested in the 

potential for impact to native CWR mammals, we segregated mammalian prey 

as native or non-native and grouped them according to mean adult size (Van 

Dyck and Strahan 2008), where medium-sized native mammals corresponded 

to the CWR range (35 – 5,500 g) and large and small native mammals were 

grouped above and below this range.  Non-native mammalian prey consisted of 

camel (Camelus dromedarius), feral cat, and rabbit (Oryctolagus cuniculus).   

Because rabbits are a common prey among both dingoes and feral cats we 

were interested in the extent in which this species was shared between the two 

predators.  Hence rabbit received its own category.  On the other hand, both 

camels and feral cats were represented very rarely (n=1 and n=7 respectively) 

and only in dingo scats thus we did not include these two species in our dietary 

overlap analyses.  We grouped non-mammalian prey according to phylum 

(arthropods) or class (reptiles and birds).  Plant material was present in some 

scats and classified simply as vegetation.   

For each predator species, we calculated two diet metrics: frequency of 

occurrence and percent volume of dietary category.  Frequency of occurrence 

assigns dietary categories into either present or absent, but by allocating equal 

weight to the presence of small and large quantities of food items, tends to 

overestimate the importance of some foods (Weaver 1993).  We removed trace 

amounts (i.e. <5% total volume sensu Corbett (1989)) from calculations to 

correct for the overrepresentation of food items that are consumed in small 

amounts (Klare et al. 2011).  Percent volume is defined as the percent of scat 



52 
 

volume comprised by a particular food category.  This method tends to 

underestimate the importance of easily digestible food items; however it is 

generally preferred when the goal of a study is to estimate the importance of 

different food categories (Klare et al. 2011).   

We calculated the diversity (H) of prey items found in the scats of each species 

using the Brillouin diversity index (Brillouin 1956): 

𝐻 =
ln 𝑁!− ∑ ln𝑛𝑖!

𝑁
,     (1) 

where N is the total number of individual prey categories recorded and ni is the 

number of individual prey items found in the ith category. We plotted cumulative 

diversity (Hk) against the number of scats (k) after randomizing scat order, to 

determine whether the diets of dingoes and cats had been adequately sampled.   

Dietary overlap between dingoes and cats was estimated using Pianka’s index 

(Pianka and Pianka 1976): 

𝐷𝑂𝑐𝑑 =
∑ 𝑛𝑝𝑖𝑐𝑝𝑖𝑑

√∑ 𝑝𝑖𝑐
2 ∑ 𝑝𝑖𝑑

2
,     (2) 

where c and d represent the species (cats and dingoes respectively) being 

compared, and pi is the frequency of occurrence of the ith prey category.  

Dietary overlap values range from 0 to 1, where 0 indicates no overlap and 1 

indicates complete overlap. Although abundance-based scat-analysis methods 

are generally preferred for investigating dietary overlap (Klare et al. 2011), we 

use frequency of occurrence to be consistent with other studies and present 

dietary overlap estimates using percent volume in Table S. 3.2.  

We conducted multivariate analyses using principal component analysis (PCA) 

on the percent volume of prey categories, to visually examine the extent of 

dietary overlap between the two species.  Because vegetation is not considered 

an essential food item for either predator, we did not include it as a category in 

dietary overlap calculations or in the PCA.  To evaluate the relative impact of 

dingoes and feral cats on CWR native mammals, we used a one-sided Fisher’s 
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exact test on the counts of scats with and without CWR native mammals 

present for each predator species.  

IDENTIFICATION OF SCAT SPECIES  

Initial identification of scat species origin was made in the field and assigned a 

certainty of either definite or probable.  These identifications were typically 

based on morphological characteristics of the scat and the manner in which 

they were deposited (Triggs 2004).  Although each species has scat 

characteristics that differ in size (dingo scats are generally larger), shape (cat 

scats typically have pinched ends), deposition site and smell (see Appendix S. 

3.1.), uncertainty can arise due to factors such as: (1) range in size of each 

predator (some large cats are bigger than small or juvenile dingoes), (2) site 

disturbance, (3) time since deposition and degradation due to weather or the 

actions of other wildlife, (4) experience of and amount of information available to 

the observer.  For instance, while field identifications had the advantage of 

context and scat placement to aid identification, laboratory identifications had 

the advantage of using morphology and scat odor which was released upon 

heating during scat processing.  Dingo and feral cat scats typically have strong 

and distinctive odors which are often used as a basis for identification (Triggs 

2004).  In the arid conditions in which the study was conducted, scats dry 

quickly and the odor is typically faint upon collection and not reliable as a basis 

for field identification. 

Because dingo and cat scats can appear similar and scat identification can be 

challenging (Doherty 2015; Glen et al. 2011), we requested that the laboratory 

conducting the contents analysis also identify the scat species origin, and 

assign a certainty classification of definite or probable.  While field 

identifications had the advantage of context and scat placement to aid 

identification, laboratory identifications had the advantage of using morphology 

and scat odor which was released upon heating during scat processing. 

RESOLVING UNCERTAINTY IN SCAT SPECIES ORIGIN 

In order to identify and resolve potential discrepancies in scat species origin we 

developed a decision framework to assist with scat identifications (Fig. 3.2).  By 

incorporating components of genetic analysis, observer certainty classifications, 
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and observer error rates, the framework allowed us to reduce uncertainty at 

various steps in the process.  In the first stage of the decision framework, scat 

species origin is identified from two independent, trained observers – first in the 

field and then the laboratory – who also assign a certainty classification to 

quantify the confidence of their identification.  Any inconsistencies in 

identifications are flagged as uncertain.  If DNA has been retained from the 

scat, these uncertain identifications are resolved using genetic molecular testing 

following the method of Berry and Sarre (2007).  (See Appendix S. 3.2 for 

detailed description of this method including how we dealt with conflicted 

identification results.)  If DNA has not been retained, genetic amplification fails, 

or the results remain conflicted, uncertainty is then resolved using observer 

certainty classifications with the species identity of that scat defaulting to the 

more certain observer.  If both observers are equally certain, then in the next 

stage observer error rates are calculated from a subset of genetically-tested 

scats and the species identity of the scat is determined from the observer with 

the lower error rate (Fig. 3.2).  

To examine how uncertainty in scat species origin could influence perceptions 

about the relationship between dingoes and feral cats, we calculated dietary 

overlap estimates from putative field and laboratory identifications.  We then 

compared these dietary estimates to the dietary overlap estimate calculated 

using the scat species origin resolved through the decision framework, and 

evaluated the differences between all three dietary overlap estimates using 

bootstrapped confidence intervals.  We used PCA to visually examine the 

difference in dietary overlap under field-identified scats, laboratory-identified 

scats, and scats where species origin was resolved through the decision 

framework, which allowed us to explore the consequences of diet mis-

specification due to identification errors.  

To evaluate the effectiveness of this decision framework for resolving conflicted 

scat species origins, we calculated the dietary overlap between samples that 

were initially conflicted in their scat species identification (z) with samples that 

were initially non-conflicted (y).  We did this for each predator provided that 

there was a sufficient sample size of conflicted scats – as determined from the 

cumulative diversity estimates – to accurately characterize the diet.  We then 
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modified the index from equation (2) to calculate the overlap of the contents of 

samples z with samples y for predator x (either cats or dingoes): 

𝐷𝑂𝑧𝑦(𝑥) =
∑ 𝑛𝑝𝑖𝑧𝑝𝑖𝑦

√∑ 𝑝𝑖𝑧
2 ∑ 𝑝𝑖𝑦

2
.    (3) 

We performed a one-tailed permutation test (α=0.05) (Mantel 1967), which 

compared the DOzy(x) value to the distribution generated from 1,000 

permutations of this index where the scat sample was randomly reassigned as 

either originating from a conflicted (z) or non-conflicted (y) identification.   

 

Fig. 3.2. Decision framework used to resolve uncertain identifications of scat donor species for 
samples collected at Matuwa IPA, Western Australia. 

If our framework has accurately assigned identifications to conflicted scats, we 

would expect DOzy(x) to be similar to or higher than the dietary overlap of 



56 
 

randomly drawn scat samples.  However, if the framework performed poorly, we 

would expect DOzy(x) to be significantly lower than the dietary overlap 

generated at random.  Hence, an inability to reject the null hypothesis would 

indicate that our framework was effective in accurately resolving conflicted scat 

species identifications.    

3.5. Results 

DIETARY OVERLAP AND IMPACT ON MAMMALS OF CONSERVATION 

CONCERN 

Thirty-six different prey items were identified from all scats after applying the 

decision framework to reduce uncertainty in scat species origin.  A complete list 

of these prey species and their frequency of occurrence and percent volume is 

presented in Table S. 3.3. Cumulative diversity H(k) of prey items in the diets of 

both cats and dingoes reached an asymptote well below the total number of 

scats analyzed (Fig. 3.3), indicating that we were able to adequately describe 

the diets of both predators from the sample of scats collected.  Mammals – 

regardless of size – were consumed most frequently and in the greatest volume 

for both predators.  The main prey items consumed by dingoes included large 

mammals and rabbits whereas for cats, the main prey items included CWR 

native mammals, small native mammals and birds (Fig. 3.4). In addition, we 

found evidence of intraguild predation with 2% of dingo scats containing feral 

cat remains (Table S. 3.3). Evidence of cattle was not found in any dingo scats. 

 

With scat species origin resolved, the dietary overlap between dingoes and feral 

cats was 0.22 (bootstrapped confidence intervals 0.18 – 0.27), indicating a low 

level of dietary overlap between the two predators (Fig. 3.5).  Critical weight 

range native mammals accounted for 44.0% of the diet by volume for feral cats 

compared to only 7.2% for dingoes; and occurred in 64.7% of the cat scats and 

12.5% of the dingo scats.  The occurrence of CWR mammals in the diets of the 

two predators was significantly higher for cats (Fisher’s exact test: P<0.001).  
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Fig. 3.3. Cumulative dietary diversity as indicated by the Brillouin index (Hk) of dingo and feral 
cat prey items with increasing scat samples (k) at Matuwa IPA. 
 

 
Fig. 3.4. Comparison of the diets of dingoes and feral cats at Matuwa IPA, Western Australia 
shown in terms of (a) frequency of occurrence excluding trace amounts and (b) percentage 
volume. 



58 
 

 

Fig. 3.5. Extent of dietary overlap between dingoes and feral cats at Matuwa IPA, as measured 
by Pianka’s index using frequency of occurrence data, relative to the method of scat donor 
species identification. 

EXPECTED DIETARY OVERLAP IGNORING UNCERTAINTY 

The extent of dietary overlap between dingoes and cats varied with the method 

used to identify scat species origin (Fig. 3.5).  When only laboratory 

identifications were considered, the extent of dietary overlap was twice the 

extent of overlap when uncertainty in scat species origin was resolved through 

the decision framework (0.44 vs 0.22), and the confidence intervals of these 

estimates did not overlap.  When only field identifications were used the dietary 

overlap estimates were not significantly different (0.24 vs 0.22).  The results of 

the PCA comparisons showed that when uncertainty in scat species origin was 

resolved, there was very little overlap between the diets of dingoes and cats 

(Fig. 3.6a).  When only field identifications were used this overlap increased 

only slightly (Fig. 3.6b), but when only laboratory identifications are used this 

overlap grew considerably to encompass dietary groups previously indicated to 

have little overlap (e.g. reptiles, arthropods, CWR mammals; Fig. 3.6c).   
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Fig. 3.6. Principle component analyses of dingo and feral cat diets from 690 scats collected at 
Matuwa IPA. Extent of dietary similarity varies depending on how the scat species origin was 
identified. In (a) scat identifications are resolved through the decision framework, in (b) field 
identifications are used, and in (c) laboratory identifications are used. 
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EVALUATION OF DECISION FRAMEWORK TO REDUCE SCAT SPCIES 

IDENTIFICATION ERRORS 

There were 342 non-conflicted dingo scats, 277 non-conflicted feral cat scats, 

and 72 scats (10.3%) with conflicted identifications.  When applying our 

decision framework for resolving scat species origin (Fig. 3.2), five scats had 

not been identified in the field and were hence discarded.  Fourteen of the 

conflicted scat identifications had DNA available for testing and we were able to 

resolve the identifications for 11 using the DNA results.  We resolved the 

identities of an additional 22 scats in the next step of the decision process by 

using the identification of the more certain observer to assign predator identity 

to the scat.  Next, we calculated observer error rates of both definite and 

probable scat species identifications for each observer using the results of 

genetic analysis.  The error rate for the field (9.1%, n=11) was lower than the 

error rate for the laboratory (57.1%, n=14) when both observers were certain.  

We used the field identification of scat species origin when the field certainty 

was definite, to resolve 38 scat identifications at this stage.  One scat remained 

that could not be resolved because both observer certainty classifications were 

scored as only probable and observer error rates could not be calculated at this 

classification due to a lack of data. Hence this scat was discarded. 

 

Of the 71 scats with conflicted identifications that were resolved through our 

decision framework, 11 were assigned as originating from dingoes and 60 from 

feral cats.  Examination of Fig. 3.3 indicates that these sample sizes are 

sufficient to characterize the diets of feral cats but not dingoes.  Hence to 

evaluate the decision framework we examined the dietary overlap between 

initially conflicted and non-conflicted scats (DOzy(x)) of feral cats only.  This 

index revealed a very high agreement between these two groups of cat scats 

(DOzy(cats)= 0.989) and a non-significant one-tailed permutation test statistic (p 

= 0.26).  This demonstrates that the feral cat diet described by the 60 resolved 

cat scats was not significantly different from the diet described by the initial 277 

non-conflicted cat scats and provides support for the approach used to resolve 

the origin of uncertain scats.  
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3.6. Discussion 

Dietary studies can be useful for assessing the potential likelihood of 

competition between predators as well as for understanding their relative 

impacts on prey (Glen et al. 2011).  We examined the diets of dingoes and feral 

cats from field-collected scats in the arid zone of Australia to explore the 

potential for intraspecific competition and to evaluate the relative threat that 

each predator poses to medium-sized native mammals most at-risk of 

extinction.  The results demonstrate a low level of dietary overlap between 

dingoes and feral cats and show that CWR mammals are at a higher risk of 

impact from feral cats relative to dingoes.  Because uncertainty in the 

identification of predator scats has the potential to obfuscate the interpretation 

of resource competition within a predator guild, we developed a new framework 

to identify and then resolve potential errors in scat identifications (Fig. 3.2). 

Using this framework we identified 72 potentially misidentified scats (10.3% of 

total sample) and confidently assigned identifications to 71 of them.  Our results 

have important implications for the management of coexisting predators around 

the globe, and our framework will assist managers in accurately characterizing 

overlap in the diets and ecological function of sympatric species. 

DIETARY OVERLAP AND IMPLICATIONS FOR INTERSPECIFIC 

COMPETITION  

Our dietary overlap estimate for dingoes and feral cats (0.22) is considerably 

lower than has been reported for these two species in other studies (0.45, 

Doherty 2015; 0.496, Glen et al. 2011; 0.65, Paltridge 2002).  In classical 

competition theory, two competing species can coexist when there is some 

degree of resource partitioning either in diet, space, or time (Gause 1934).  

Spatial coexistence has been observed between predators with low dietary 

overlap; for example between badgers and lynxes in Spain (Fedriani et al. 

1999) and jaguar and puma in Venezuela (Scognamillo et al. 2003).  At the 

study site, both dingoes and feral cats co-occur across similar habitats (see 

Chapter 2). Yet the low level of dietary overlap between the two predators 

suggests that competition between the two species may be low, thus providing 

a mechanism for their coexistence, although prey availability, dietary overlap 

and competition may vary with annual productivity (Greenville et al. 2014).  At 

the same time, the occasional occurrence of cat remains in the scats of dingoes 
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documented in this study is consistent with other studies (Allen et al. 2015) and 

indicates the potential for interference competition between the two species. It is 

possible that these cats were scavenged rather than killed, and it is likely that 

feral cats can still co-occur with dingoes whilst avoiding them temporally (Brook 

et al. 2012) or at small spatial scales (Brook 2013). 

RELATIVE THREATS POSED TO VULNERABLE MAMMAL SPECIES 

Critical Weight Range mammals occurred five times more frequently in cat 

scats than in dingo scats (Fig. 3.4).  Although this higher frequency of 

occurrence may not necessarily equate to a higher impact of feral cats at the 

population level (as impact also depends on the density of feral cats relative to 

dingoes in the area), it does suggest that CWR mammals are at a higher 

relative risk from cats than from dingoes.  There is strong evidence that 

predation by cats is a significant factor in the decline of native mammals at the 

local level (Denny and Dickman 2010; Woinarski et al. 2014).  The findings of 

this study are consistent with this evidence, and also suggest that dingoes at 

the study site do not pose as large a predation threat to CWR mammals as do 

cats.  Apart from the echidna which was recorded in ~10% of dingo scats, no 

other small or medium-sized native mammal was recorded in dingo scats with a 

frequency greater than 2%, and most were either absent or occurred in less 

than 1% of scats (Table S. 3.3).  The results of this study are in contrast to 

studies that have suggested that dingoes prefer to prey on small and medium-

sized mammals (Allen and Fleming 2012).  The study results are restricted to a 

two year period which excludes summer months.  It is possible that dingoes 

could switch to a dependence on small and medium-sized prey should their 

preferred prey of macropodids become scarce, and we recommend further 

research on the link between environmental conditions and predator impacts 

(Greenville et al. 2014). 

CONSEQUENCES AND POTENTIAL CAUSES OF SCAT SPECIES 

MISIDENTIFICATIONS 

Our results show that if uncertainty in scat species origin is not resolved, 

practitioners and decision-makers run a real risk of making the wrong 

conclusions regarding the diets and ecological function of predators.  Dietary 

overlap of cats and dingoes based on field identification of scat species origin 
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did not differ significantly from the dietary overlap when uncertainty was 

resolved (Fig. 3.5).  Importantly, when only laboratory identifications of scat 

species origin were used, the dietary overlap estimate was twice as high as the 

estimate when uncertainty was resolved through the decision framework (Fig. 

3.5).  Reliance on laboratory identifications of scat species origin would have 

likely led us to infer that dingoes and feral cats compete more strongly for prey 

than they actually do.  In a management context, this inference might lead us to 

overestimate the importance of dingo suppression on feral cats and 

underestimate the need to control feral cats directly.  

One reason that laboratory identifications may differ so greatly from both field 

and resolved identifications is contamination from heterospecific urine as a 

result of scent over-marking.  Urine marking is the predominant method of scent 

marking in canids and many felids (Smith et al. 1989) and is common in both 

dingoes (Corbett 1995) and feral cats (Feldman 1994).  In carnivores, urine 

scent marking is used to communicate information between conspecifics as well 

as heterospecifics (Johnson 1973; MacDonald 1980) and urine over-marking of 

another individual’s mark is common among predators (Paquet 1991; Ferkin 

and Pierce 2007).  Over-marking between dingoes and feral cats has not been 

documented in the literature but is still likely to occur based on the known scent-

marking behaviour of these species.  Because laboratory identification of scat 

species origin relied heavily on scat smell, it is possible that over-marking 

between species was responsible for identification errors.  As such, we 

recommend not relying on scat smell as a diagnostic for species identity of 

scats. It is also possible that interspecific over-marking was responsible for 

conflicted identification results in the genetically-tested samples. 

MANAGEMENT IMPLICATIONS 

Our results highlight the importance of the feral cat as a global threat to 

biodiversity (Medina et al. 2011), and show that teasing apart the relative 

ecological function of this species compared with other sympatric predators will 

be crucial for effective management decisions.  Around the globe, the feral cat 

now coexists with native predators such as island foxes in the USA (Bridges et 

al. 2015), carnivores in Madagascar (Farris et al. 2015) and South America 

(Merino et al. 2009). In Australia, our results suggest that controlling feral cats is 
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likely to provide the most direct benefit to mammals of conservation concern 

(i.e. native small and CWR mammals) as well as non-ratite birds.  In contrast, 

control of dingoes is likely to directly benefit mostly large native prey such as 

the euro, red kangaroo, as well as the non-native rabbit, which is classified as a 

pest.  Our results indicate that dingo control would have few conservation 

benefits; in the study area, the only native mammal potentially to benefit from 

dingo control is the echidna (Table S. 3.3), which is widespread and not thought 

to be declining (Van Dyck and Strahan 2008).  

The likely direct and indirect effects of predator control on both native and non-

native prey are uncertain, and non-experimental dietary analysis can only infer 

these effects. Our results imply that removing dingoes from the study site could 

result in release of an introduced herbivore, rabbits. This could have various 

consequences. First, the higher availability of rabbits might allow feral cats to 

switch from a predilection for small and medium-sized native mammals to 

rabbits, with positive benefits for native biodiversity. Alternatively, there is the 

danger that with an increase in rabbit availability, cat abundance might also 

increase, putting additional predation pressure on small and medium-sized 

mammals due to higher cat densities and intraspecific competition for food. This 

phenomenon, known as hyperpredation (Smith and Quin 1996), is well-

documented for feral cats and rabbits (Courchamp et al. 2000) and has been 

linked to the collapse of several native fauna species on islands (Courchamp et 

al. 2003; Taylor 1979).  To confirm these results, perturbation experiments 

would be ideally carried out, but these are expensive and could take many 

years to have effects.  In the absence of direct experimentation, we caution that 

the negative indirect effects of dingo control on native CWR mammals outweigh 

any possible short term direct benefits, and therefore recommend avoiding 

dingo control in the study area.  

CONCLUSIONS 

This study highlights how uncertainty in scat species origin can alter 

perceptions regarding the interaction between two predator species and how 

they might be managed. To deal with uncertainty in scat species origin we 

developed a decision framework to systematically reduce uncertainty and 

assign confident identifications to scats (Fig. 3.2). The framework is broadly 
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applicable across many systems around the globe where there are sympatric 

predators with scats that could be misidentified (Davison et al. 2002; Harrington 

et al. 2010; Janečka et al. 2008; Monterroso et al. 2013; Prugh and Ritland 

2005), and we encourage future researchers or managers to adopt it to fit their 

specific needs.  Fundamentally, this framework requires that the following 

procedures are implemented into any scat collection program.  First, use at 

least two trained observers to independently identify scat species origin in order 

to flag potentially misidentified scats.  During collections, incorporate a system 

for quantifying certainty that is standard across all observers.  Finally, save a 

small portion of the scat prior to processing for genetic testing of uncertain 

identifications and to derive observer error rates.  With these simple steps, 

uncertainty in scat species origin can be addressed and resolved, leading to 

more confident ecological insights that will ensure better informed management 

actions for restoring native biodiversity.  
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3.9. Supplemental Information 

Appendix S. 3.1. Detail on field identification and collection of scats. 

Compared to dingo scats, cat scats tend to be smaller in size with pinched-off ends and are 

typically deposited in sandy soils or leaf litter where they are partially or fully buried (Triggs 

2004).  Many of the scats identified as cat were collected on roads in sandy patches directly on 

or just adjacent to tire ruts and were found by looking for either bury piles or partially exposed 

scats.  On the other hand, dingo scats tend to be larger in size, contain larger bone fragments, 

and are usually deposited on elevated places such as on rocks or vegetation around prominent 

features or road intersections (Triggs 2004).  Scats identified as dingo were typically collected 

adjacent to or slightly off of roads and around intersections or large trees.  Both cats and 

dingoes tend to use the same sites more than once and the discovery of one scat often lead to 

more. 

Appendix S. 3.2. Detail on genetic identification of scats and resolving conflicted results 

The method of Berry and Sarre (2007) involves a real-time polymerase chain reaction (PCR) 

procedure using species-specific primers and melt-curve analyses of fragmented DNA strands 

to test for the presence of fox, cat, or dingo.  The quantity of the DNA present in the sample is 

approximated by calculating a cycle threshold (ct) value – the point at which DNA amplification 

exceeds a consistent threshold – where a lower ct value indicates a higher DNA concentration 

and a difference of 3.33 in ct value indicates a 10-fold difference in the amount of DNA present. 

Ct values below 25 provide the best chance of obtaining an individual identification via 

microsatellite DNA analysis. The results of the genetic testing were sometimes conflicted, often 

presenting a strong and weak signal.  We assumed the weak sample was the result of 

contamination and used the strong signal as the identifier of scat species origin when the 

difference in initial DNA present – based on ct values – was greater than two orders of 

magnitude. 
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Table S. 3.1 Selected studies showing the accuracy of mammalian carnivore scat identifications 
made by trained observers in the field comparted to identification of those scats using molecular 
DNA techniques; n = number of putative scats successfully extracted and amplified for DNA 
sequencing 

Putative field identification n 
Accuracy 

(%) 
Inaccuracy 

(%) 
DNA-identified 
species 

Study 
location 

Red fox
1
 (Vulpes vulpes) 157 86.3 

  
Spain 

   
7.7 Stone martin 

 

   
1.7 European wildcat 

 

   
4.3 Dog 

 Stone martin
1
 (Martes foina) 126 77.8 

   

   
20.4 Red fox 

 

   
1.9 Pole cat 

 European wildcat
1
 (Felis 

silvestris) 37 11.5 
   

   
84.6 Red fox 

       3.9 Stone martin   

Snow lepord
2
 (Panthera uncia) 49 42.9 

  
China, India, 

   
38.8 Red fox & Mongolia 

      4.1 Wolf/Dog   

Pine martain
3
 (Martes martes) 86 54.7 

  
Scotland, 

   
44.1 Red fox England, & 

      1.2 Pole cat Wales 

Mink
4
 (Neovison vison) 45 0 

  
Scotland  

   
47.0 Pine martin 

 

   
41.0 Red fox 

 

   
6.0 Otter 

 

   
3.0 Pole cat 

       3.0 Stoat   

Coyote
5
 (Canis latrans) 647 92 

   

   
8.0 non-Coyote Alaska 

 

1 
Monterroso, P., Castro, D., Silva, T.L., Ferreras, P., Godinho, R., Alves, P.C., 2013. Factors 

affecting the (in)accuracy of mammalian mesocarnivore scat identification in South-western 
Europe. Journal of Zoology 289, 243-250. 

2 
Janečka, J.E., Jackson, R., Yuquang, Z., Diqiang, L., Munkhtsog, B., Buckley-Beason, V., 

Murphy, W.J., 2008. Population monitoring of snow leopards using noninvasive collection of 
scat samples: a pilot study. Animal Conservation 11, 401-411. 

3 
Davison, A., Birks, J.D.S., Brookes, R.C., Braithwaite, T.C., Messenger, J.E., 2002. On the 

origin of faeces: morphological versus molecular methods for surveying rare carnivores from 
their scats. Journal of Zoology 257, 141-143. 

4 
Harrington, L.A., Harrington, A.L., Hughes, J., Stirling, D., Macdonald, D.W., 2010. The 

accuracy of scat identification in distribution surveys: American mink, Neovison vison, in the 
northern highlands of Scotland. European Journal of Wildlife Research 56, 377-384. 

5 Prugh, L.R., Ritland, C.E., 2005. Molecular testing of observer identification of carnivore feces 
in the field. Wildlife Society Bulletin 33, 189-194. 
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Table S. 3.2. Dietary overlap estimates, measured by Pianka’s index (PI) calculated from % 
volume of prey in scats, relative to the method of identification (MOI) of scat species origin with 
95% bootstrapped confidence intervals. 

MOI PI lower 95% CI upper 95% CI 

field 0.146 0.109 0.190 

lab 0.249 0.198 0.304 

resolved 0.118 0.087 0.154 
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Table S. 3.3. Percent frequency of occurrence (FO) excluding trace amounts and percent 
volume (Vol) of food items in the scats of dingoes and feral cats at Matuwa IPA, Western 
Australia. 

          Dingo Cat 

           n=353   n=337 

Food category FO Vol FO Vol 

Large mammals (>5,000 g) 70.3 62.2 1.5 1.2 

    Camel, Camelus dromedarius 0.3 0.3 0.0 0.0 

    Red Kangaroo, Macropus robustus 15.6 13.9 0.0 0.0 

    Euro, Macropus rufus 37.1 35.0 0.9 0.9 

    Macropod sp. 15.3 11.3 0.6 0.3 

    Dog, Canis sp. 0.3 0.1 0.0 0.0 

    Cat, Felis catus 2.0 1.6 0.0 0.0 

Critical weight range native mammals (100 - 5,000 g) 11.0 6.3 32.3 21.8 

    Echidna, Tachyglossus aculeatus 10.2 5.8 0.0 0.0 

    Greater bilby, Macrotis lagotis 0.0 0.0 2.7 2.0 

    Golden bandicoot, Isoodon auratus 0.3 0.1 1.5 1.0 

    Brush-tailed mulgara, Dasycercus blythi 0.6 0.4 28.5 18.7 

Rabbit, Oryctolagus cuniculus 20.4 16.4 5.0 3.5 

Small mammals (<100 gg) 4.0 1.8 85.2 54.5 

    Spinifex hopping mouse, Notomys alexis 1.7 0.9 46.0 22.3 

    Bolam's mouse, Pseudomys bolami 0.0 0.0 2.4 0.5 

    Desert mouse, Pseudomys desertor 1.4 0.5 41.2 20.9 

    Sandy inland mouse, Pseudomys hermannsburgensis 0.6 0.1 21.1 6.4 

    unidentified rodent 0.0 0.0 9.5 0.9 

    Kultarr, Antechinomys laniger 0.3 0.2 2.4 0.8 

    Fat-tailed dunnart, Sminthopsis crassicaudata 0.0 0.0 0.0 0.0 

    Lesser hairy-footed dunnart, Sminthopsis youngsoni 0.3 0.1 3.3 0.9 

    Long-tailed dunnart, Sminthopsis longicaudata 0.0 0.0 0.9 0.4 

    Stripe-faced dunnart, Sminthopsis macroura 0.0 0.0 1.2 0.4 

    Ooldea dunnart, Sminthopsis ooldea 0.0 0.0 0.9 0.3 

    unidentified dunart, Sminthopsis sp. 0.3 0.1 5.3 0.6 

    unidentified dasyurid 0.0 0.0 0.6 0.1 

Bird 11.0 5.5 43.0 10.3 

    non-emu birds 5.9 1.6 42.4 10.0 

    Emu, Dromaius novaehollandiae 5.1 3.9 0.6 0.3 

Reptiles 2.5 1.2 26.4 3.9 

    Skink 0.6 0.1 18.1 1.9 

    Dragon 0.3 0.1 3.9 0.5 

    Varanid 1.4 1.0 5.3 0.9 

    Snake 0.6 0.0 3.9 0.6 

Arthropods 1.7 0.2 25.2 2.9 

    Beetle 0.0 0.0 3.3 0.2 

    Grasshopper 1.4 0.2 20.8 2.5 

    Scorpion 0.0 0.0 0.9 0.1 

    Caterpillar 0.0 0.0 0.0 0.0 

    Centipede 0.3 0.1 0.6 0.1 

 Vegetation 9.3 6.4 7.1 1.7 
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4. Seasonal space use and fine-scale habitat selection of 

sympatric predators in a semi-arid landscape 

4.1. Preface 

The two previous chapters build a picture of the relationship between dingoes 

and feral cats which suggests that the extent of interspecific competition 

between the two predators is low and that this could facilitate their spatial 

coexistence.  In this final data chapter, I revisit the spatial relationship of 

dingoes and feral cats and examine it in greater detail.   By using resource 

selection models I am able to characterize the fine-scale selection of each 

predator for biotic and abiotic landscape features including vegetation type, 

roads, hydrological features, and vegetation cover.  The results from this 

chapter build on those of the previous two chapters and contribute to a holistic 

picture of the nature of the relationship between dingoes and feral cats in the 

arid region of Australia.   

4.2. Abstract 

Non-native mammalian mesopredators have contributed to the loss of 

biodiversity worldwide and reducing their impacts is a key conservation goal.  

Because apex predators may interact with non-native mesopredators and 

potentially limit their harmful impacts, understanding the space use and habitat 

selection of both predators is often necessary for successful non-native 

mesopredator management.  We used kernel density estimation to characterize 

the seasonal space use of feral cats and dingoes in arid Australia and used step 

selection functions to model their selection for certain landscape features.  We 

found that the seasonal space use requirements for dingoes were an order of 

magnitude larger in size than feral cats.  Third-order habitat selection for 

vegetation type was non-random among dingoes which selected strongly for 

woodlands, but random for feral cats which showed no selection for either 

woodlands or grasslands within their seasonal home ranges.  However, feral cat 

seasonal home ranges typically included a larger proportion of grasslands than 

was available in the study site indicating that they exhibited second-order 

selection for grasslands.  Both predators also selected for roads, hydrological 

features, and vegetation cover within their home ranges.  Based on these 
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results, we make management recommendations for the control of feral cats 

that emphasizes applying control techniques such as trapping and shooting that 

are specific to feral cats in areas where they overlap with apex predators and 

more general techniques such as poison baiting were they are segregated. 

4.3. Introduction 

Human-aided dispersal of mammalian mesopredators has impacted native 

wildlife and biodiversity worldwide (Prugh et al. 2009), and reducing these 

impacts is a key conservation goal (Salo et al. 2007).  Often becoming 

abundant and invasive upon introduction, non-native mesopredators can drive 

ecosystem change by preying on native species, sometimes to extinction 

(Sinclair et al. 1998; Kinnear, Sumner & Onus 2002).  They can also compete 

with native species for prey and other resources (Glen & Dickman 2005).  To 

limit the impacts of non-native mesopredators, management programs often 

target them in isolation; aiming to reduce their populations without 

understanding how they relate to other components of their environment 

(Zavaleta, Hobbs & Mooney 2001; Ruscoe et al. 2011).  When management of 

non-native mesopredators proceeds with insufficient recognition of how their 

populations are influenced by habitat features or sympatric species, perverse 

outcomes can occur (Courchamp, Chapuis & Pascal 2003; Marlow et al. 2015).  

In this paper, we examine the space use and habitat selection of a non-native 

mesopredator, the feral cat, in the presence of a native apex predator, the 

dingo. 

Larger and more dominant native predators may play a key role in limiting the 

impacts of non-native mesopredators with potentially useful management 

implications (Ritchie et al. 2012).  For example, smaller mesopredators may 

suffer decreased growth, survivorship, or fecundity due to competition from 

sympatric larger apex predators, which may ultimately lead to a reduction in 

abundance of the smaller predator (Glen & Dickman 2005).  Alternatively, 

mesopredators may change their behaviour in the presence of apex predators 

to avoid competition or aggressive encounters with the larger predators by 

selecting different habitats (Fedriani, Palomares & Delibes 1999) or changing 

the times that they are most active (Harrington et al. 2009; Brook et al. 2012).  

Hence a clear understanding of how species within a predator guild use 
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features of the landscape can be very important for informing the management 

of non-native mesopredators and help limit unintended surprise outcomes of 

control efforts (Zavaleta, Hobbs & Mooney 2001; Ruscoe et al. 2011). 

How predators use space, move through the landscape, and interact with other 

sympatric species can be greatly influenced by biological and physical attributes 

of the environment.  For example, apex predators may preferentially select 

certain vegetation types.  Such selection is often based on the abundance or 

the likelihood of encountering or successfully stalking prey (Manly et al. 2007) 

and is well-documented among many species (Pike et al. 1999; Palomares et 

al. 2001; Hopcraft, Sinclair & Packer 2005).  Mesopredators may also select 

vegetation type based on location of and ability to catch prey, but must also 

contend with the presence and danger of larger predators that may significantly 

alter their use of the landscape (Fedriani, Palomares & Delibes 1999; Glen & 

Dickman 2005).  Topography and vegetation cover can also influence how 

predators use the landscape.  Predators may travel along routes with relatively 

gentle contours to aid movement through the landscape (Dickson, Jenness & 

Beier 2005; Whittington, St. Clair & Mercer 2005).  Areas of gentle topography 

can also reflect the hydrology of the landscape thus movement through these 

areas may also be related to presence of water, dense vegetation cover, or 

abundance of prey.  Similarly, predators may select dense vegetation cover 

where they can successfully stalk prey (Milakovic et al. 2011), find shade to 

assist thermoregulation (Careau, Morand-Ferron & Thomas 2007), or remain 

concealed from other predators or humans (Janssen et al. 2007). 

Roads and other linear features created by humans (e.g. railway lines and 

seismic exploration lines) can facilitate predator access to prey (Latham et al. 

2011b) or influence predator behaviour and patterns of movement (Roever, 

Boyce & Stenhouse 2010).  Apex predators (Thurber et al. 1994; Graham et al. 

2010) and mesopredators (May & Norton 1996; Frey & Conover 2006) have 

both been well-documented using roads, but there is little understanding of how 

they use roads in sympatry.  It is widely believed that throughout the world, 

mesopredators avoid roads in the presence of apex predators (Hayward & 

Marlow 2014); however quantitative evidence of this is scarce (but see Ruiz-

Capillas, Mata & Malo 2013).  
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Australia provides an excellent setting to examine questions regarding non-

native predator space use and habitat selection in relation to a native apex 

predator because the predator guild structure is relatively simple.  There is only 

one large (>10 kg) native apex predator, the dingo Canis dingo (Meyer), and 

two recently introduced mesopredators; the feral cat Felis catus (L.) and the 

European red fox Vulpes vulpes (L.).  Feral cats have caused numerous 

declines of native species worldwide and are listed among the most harmful 

invasive species globally by the IUCN (Lowe et al. 2000). Since their 

introduction to mainland Australia approximately two centuries ago (Koch et al. 

2014), feral cats have been implicated in the extinction of at least 16 mammals 

and currently threaten dozens more mammal, bird, and reptile species 

(McKenzie et al. 2007; Woinarski et al. 2011).  Reducing the impacts of feral 

cats is an essential goal for the conservation of Australian fauna (Denny & 

Dickman 2010).   

As the larger more dominant apex predator, dingoes are predicted to suppress 

the activity or abundance of feral cats and some evidence suggests that this 

occurs (Glen et al. 2007).  For example, in the presence of dingoes, feral cats 

have been shown to alter their nocturnal activity to avoid peak times when 

dingoes are active (Brook et al. 2012).  Similarly, in northern Australia a 

negative relationship between dingo and feral cat relative abundance likely 

indicates differential habitat use by the two species, population-level control, or 

behavioural suppression of cats by dingoes (Kennedy et al. 2012).  However 

other evidence on the relationship between dingoes and feral cats remains 

equivocal (Letnic et al 2012; Allen et al 2013) and debate remains regarding the 

extent of top-down suppressive control of the former on the latter (Hayward et 

al. 2015).  Thus there is a clear need to better understand the nature of dingo-

cat interactions throughout Australia.   

In this study we characterized the seasonal home ranges of a native apex 

predator (dingoes) and a non-native mesopredator (feral cats).  We examine the 

habitat selection of these predators at two spatial scales; second- and third-

order (sensu Johnson 1980).  Second-order selection refers to how the home 

range of an individual is selected within their broader geographic range while 
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third-order selection pertains to the fine-scale selection of features within that 

home range.  We predicted that: 

1. The two predators would have different seasonal home range sizes and 

compositions.  

2. They would show non-random selection for certain habitat features.   

And, 

3. Cats would avoid habitat features that dingoes select strongly for.   

In doing so, this study extends the understanding of how predator interactions 

may be shaped by their environmental context, in turn helping to improve non-

native species management and biodiversity conservation. 

4.4. Methods 

STUDY SITE 

The study was conducted on the Matuwa Indigenous Protected Area (IPA) and 

surrounding properties in central Western Australia 180 km east-northeast of 

Wiluna (26.23°S, 121.56°E, see Fig. 4.1a).  Matuwa IPA is a 2,410 km2 former 

pastoral lease that has been managed jointly as a conservation reserve by the 

Wiluna aboriginal community and the Department of Parks and Wildlife (DPaW) 

since 2000.  All non-native large herbivores (cattle, horses, donkeys, and 

camels) were removed from the property by 2003 and recursions are largely 

prevented by an electric cattle fence along the boundary.  However, this fence 

presents no barrier to the movement of other medium- to large-sized mammal 

species in the area including dingoes, feral cats, and kangaroos.  Surrounding 

land use includes active pastoral leases as well as unallocated crown land 

which receives little to no active management.  Dingoes and feral cats are 

common throughout the study area while non-native red foxes Vulpes vulpes 

(L.) occur only very occasionally as the hot and arid climate limits their 

distribution in this part of Australia.   
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Fig. 4.1. (a) Location of Matuwa IPA and surrounding properties in semi-arid Western Australia; 
the red box shows the extent in maps b-d.  Fine-scale habitat maps for this study were created 
from high-resolution aerial imagery (b) to delineate features predicted to influence dingo and 
feral cat habitat selection (c).  Vegetation cover (d), also a predictor of habitat selection, was 
mapped at 3 broad classes using a cover index derived from Landsat data that was recorded 
during the period of study. 

  



 

81 
 

The climate of the region is classified as hot, arid desert with highly erratic and 

unreliable rainfall that varies from year to year.  The first and second years of 

this study had annual rainfall of 3 mm and 171 mm, respectively, above the long 

term annual rainfall mean of 259 mm (Stations 13005 and 13012, 

http://reg.bom.gov.au/climate/data, accessed November 2015).  The landscape 

is dominated by gently undulating sand and rocky plains with stony plateau 

uplands and breakaways, as well as occasional salt lakes with fringing saline 

alluvial plains (Mabbutt 1963).  Vegetation communities in the area can be 

broadly classified as either woodlands or open hummock grasslands.  

Woodlands are frequently dominated by Acacia aneura and Eucalyptus 

kingsmillii.  Hummock grasslands – dominated by spinifex grasses (Triodia 

basedoweii and T. melvillei) – are typically uniform in structure and composition 

but may have occasional trees.  Hummock grasslands are restricted primarily to 

the open sand plains and woodlands dominate the rocky plains, stony uplands, 

and breakaways.  Salt lakes and surrounding saline soils are typically 

dominated by halophytic forbs and shrubs.   

Predator control occurs at Matuwa IPA and on some of the surrounding pastoral 

leases.  Pastoralists frequently control dingoes to reduce their impacts on 

livestock.  In the vicinity of Matuwa IPA, the intensity and regularity of dingo 

control varies from year to year and between properties.  This type of 

uncoordinated and varying control effort may provide short-term relief from 

stock depredation and disrupt dingo social stability (Wallach et al. 2009), but is 

unlikely to have a significant impact on dingo abundance over the long term 

(Allen, Engeman & Krupa 1996). 

At Matuwa IPA, a sustained feral cat control program has been in place since 

2003 consisting of a once-annual aerial deployment of toxic sodium 

monofluoroacetate Eradicat® baits at a density of 50 baits km-2.  This baiting 

regime has reduced feral cat activity to approximately half that of pre-baiting 

levels; however the impact on feral cat abundance remains unclear (Algar, 

Onus & Hamilton 2013).  Generally, feral cat activity drops substantially in the 

first months following baiting and is highest just prior to baiting (Algar, Onus & 

Hamilton 2013).  Also, dingoes are known to occasionally take baits but the 

relative abundance of dingoes before and after baiting does not appear to be 
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significantly different probably because the scale and frequency of the baiting is 

not enough to outweigh the re-invasion (Burrows et al. 2003).    This suggests 

that any long-term impact of the baiting program on dingo activity or abundance 

is minimal.  This study was conducted just prior to annual poison bait 

application to take advantage of the period of time when cat activity is likely to 

be the highest. 

ANIMAL CAPTURE AND DATA COLLECTION 

Feral cats and dingoes were captured between June 2013 and June 2014 using 

soft-jaw leg-hold traps (Oneida Victor® Soft Catch® traps, size 1.5 for feral cats, 

and size 3 for dingoes, Oneida Victor Inc. Ltd., Euclid, USA) set along unsealed 

roads at Matuwa IPA.  To avoid bycatch, food baits were not used; instead traps 

were baited with species-specific scent, visual, or auditory lures.  Traps were 

checked at least every 24 hours and more frequently in hot weather.   

Cats were sedated prior to processing.  For cats captured in 2013, sedation was 

achieved via an intramuscular injection of 4mg/kg Zolotil 100 (100mg/mL; 

teletamine-zolazepam).  However, a drawback of this procedure was the 

relative long time – 30 to 60 minutes – needed for recovery; therefore 

subsequent captures used intramuscular injections of 0.05 mg/kg Domitor 

(1mg/mL medetomidine) with the reversal agent Antisedan (5mg/mL 

atipamazole) administered intramuscularly at half dose upon completion of 

processing.  Dingoes were not sedated but instead were processed following 

guidelines set by the Department of Agriculture and Food of Western Australia 

(Kennedy 2013).  This procedure employs a catch-pole and restraining board to 

restrain animals prior to processing.   

After sedation or restraint, all animals were checked for injury, weighed, and 

inspected for parasites and overall health.  In addition, dingoes were ear-tagged 

using flexible PVC sheep tags.  Mild injuries to the foot were treated with topical 

antiseptics and the injured animal was given an intramuscular injection of 0.5 

mL of Benacillian (150mg/ML procaine penicillin, 150 mg/mL benzathine 

penicillin, 20 mg/mL procaine hydrochloride).  Severe injuries in which the 

animal was not expected to make a full recovery were criteria for euthanasia.   
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GPS collars for cats (Sirtrack Minitrack with VHF downland and internal timed 

release, Havelock North, New Zealand) weighed 120 g and were programmed 

to drop off after 3 months.  GPS collars for dingoes (Sirtrack Pinnacle Lite with 

VHF transmitter, remote download, and external timed release) weighed 475 g 

and were programmed to drop off after 12 months.  Only cats over 2.4 kg and 

dingoes over 9.5 kg were fitted with collars – based on a maximum 5% collar to 

body weight cut-off ratio.  Collars on cats captured in 2013 were programmed to 

record fixes every two hours starting immediately upon release while collars for 

cats captured in 2014 were programmed to record 6 fixes daily at 4-hour 

intervals.  Collars on dingoes were programmed to record fixes every two hours 

starting on the first full hour following release.  Position fixes collected within the 

first 24 hours of release were discarded from analysis.     

MAP OF LANDSCAPE FEATURES 

We developed a fine-scale habitat map over the study area based on four 

landscape features that were likely to influence dingo and feral cat habitat 

selection or movement: roads, hydrological features, vegetation type, and 

vegetation cover (ArcGIS 10.2).  We digitized the first two features from high-

resolution, 80-cm pixel aerial imagery over the entire study area.  All roads in 

the study site are unsealed and are between 5-10 m in width.  Hydrological 

features included seasonal intermittent streams, seasonal lakes and wetlands.  

We created buffers around roads and hydrological features to evaluate 

selection for these landscape features as binary variables.  We chose a buffer 

of 10 m around roads and 20 m around hydrological features.  Buffer sizes were 

chosen to encompass errors in the precision of mapping these features; a larger 

buffer is needed around streams because their mapping is inherently less 

precise than roads.  We considered broadly defined classifications of vegetation 

type – grassland or woodland – for analysis.  Grasslands are very uniform in 

structure and composition making them easily discernible from woodland 

habitat types on aerial imagery and allowing for their fine-scale mapping (Fig. 

4.1b - c).   

We used a Landsat-based vegetation cover index developed by the Land 

Monitor Project of Western Australia (Caccetta et al. 2000) to classify cover as 

low, moderate, or high.  The index is derived from vegetation reflectance in 
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spectral bands 3 and 5 collected during the time period of the study, and 

produces 30 m2 pixels that are assigned a cover value from zero to 255.  We 

applied a Jenks optimization to find the natural breaks in the distribution of 

these pixel values across the study area to produce three cover classes (Fig. 

4.1d).  While coarse, these classes allowed detection of large changes in the 

selection of vegetation cover by the study species.   

In the final habitat map, roads represented less than 0.5% of the total area, 

while hydrological features represented 3.8%, grasslands 19.0% and 

woodlands 81.0%.  Low cover represented 15.2%, moderate 46.4% and high 

38.4% of the total area. 

DATA SCREENING AND ORGANISATION  

For this study, we only considered GPS fixes that were collected in the Martu 

season of wantajarra – loosely defined as winter – for analysis.  This season 

runs from May to the end of August (Walsh 2009).  However, we also 

disregarded fixes that occurred after annual feral cat control in mid-July in both 

2013 and 2014.  Six of the collared dingoes and all of the collard cats had data 

that was confined to this season.  With this subset, we also avoided dingo 

whelping which typically occurs in mid-July (Thomson 1992), as animals during 

this time may exhibit atypical behaviours and movement patterns (Thomson 

1992). 

The GPS data from this subset were then screened for positional errors using 

the method of Bjørneraas et al. (2010).  This method removes unrealistic fixes 

based the species’ known movement speeds.  We based the screening on a 16 

kmh-1 gallop speed and 8.75 kmh-1 trotting speed for dingoes (Deban, Schilling 

& Carrier 2012) and a 3.2 kmh-1 gallop and 2.0 kmh-1 trotting speed for cats 

(Goslow, Reinking & Stuart 1973).  Additional screening removed unrealistic 

elevation values that were ±100 m from reference elevation.   

A field test of dingo collars found that 95% of fixes had <9 m error based on 

1284 stationary fixes from 7 collars.  Similarly, 95% of fixes from cat collars had 

<31 m error based on 2047 fixes from 18 stationary collars.  Based on these 
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errors, we classified dingo fixes that were >20 m from the preceding fix, and cat 

fixes that were > 35 from the preceding fix, as moving.  

ANALYSIS OF SEASONAL HOME RANGES 

We estimated seasonal home ranges for collared animals by using the fixed 

kernel density estimation (KDE) method to produce a probabilistic model of 

space use defined by an utilisation distribution (UD) for each dingo and feral 

cat.  We calculated the UD at the 95% and 50% isopleth to define seasonal 

home ranges and seasonal core home ranges respectively and use the term 

‘seasonal’ to reflect that these home range estimations are restricted to winter.  

We chose the reference bandwidth to determine the level of smoothing for KDE 

calculations because this non-parametric method generally results in a 

smoother contour with less variability that presents a more generalized 

snapshot of space use (Fieberg 2007).  Kernel estimates were calculated in R 

in the package rhr (Signer & Balkenhol 2015).  To determine whether seasonal 

home ranges were sufficiently described we used asymptote analysis with data 

added randomly at 15-fix intervals for cats and 25-fix intervals for dingoes.  We 

considered home ranges sufficiently described when 75-100% of the fixes were 

within 5% of the total KDE area using all the fixes.  KDE boundaries were 

reprojected in ArcMap 10.2 and area and habitat composition of each were 

calculated.   

We examined how seasonal home range requirements differ between species 

and among the sexes by comparing differences in seasonal home range sizes 

among these groups.  In order to examine second order habitat selection, we 

compared the vegetation composition of seasonal home ranges to the 

vegetation composition at the study site.  To understand general use of the 

vegetation types in the study site we compared the vegetation composition – 

consisting of either woodland or grassland – of seasonal home ranges, 

seasonal core home ranges, and of the proportion of total GPS fixes for each 

species. 

FINE-SCALE HABITAT SELECTION 

Fine-scale habitat selection – i.e. third-order selection – by feral cats and 

dingoes was analysed using separate step selection functions (SSF) for each 
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species (Fortin et al. 2005).  A SSF links each observed GPS location to a set 

of random control locations or “steps” that were available but not selected by an 

individual animal at that time.  We used Geospatial Modelling Environment 

(Beyer 2012) to generate 20 random alternate locations for each observed GPS 

fix based on the empirical step length and turning angle distributions across all 

individuals for each species.  We then used ArcGIS to attribute each observed 

and control location with the predictive features of the habitat map.   

Habitat selection models were created using mixed effects cox proportional 

hazard models in R (Team 2015) using the ‘coxme’ package (Therneau 2012).  

With cox models, a species selection coefficient for a particular habitat feature 

is estimated by conditional logistic regression and expressed as the log odds 

ratio of that feature being chosen relative to a reference habitat state.  We 

specified one model for each species. Because of the possibility of an 

interaction between road and habitat type, we combined these two binary 

variables into one variable with 4 categories.  This allowed us to derive 

coefficients for the interaction between road and habitat thus facilitating the 

interpretation of results.  We also included a random intercept term for 

individuals and a random coefficient for vegetation type.  The inclusion of 

random intercepts in step-selection functions can be particularly beneficial when 

there is a discrepancy in sample size among individuals, as was the case here, 

while the random slope term for vegetation type allows us to examine individual 

variation in responses to this particular covariate (Gillies et al. 2006).  No pairs 

of the landscape features showed a Pearson’s correlation greater than 0.39 for 

either species; thus all features were included in the model.  We did not include 

time of day or sex as covariates in the model but rather explored the effect of 

these on selection of landscape features as sensitivity tests for each species.  

However because there were mostly male cats, we did not perform a sensitivity 

test on sex for feral cats.  

After fitting models for each species, we examined deviance residuals for 

evidence of serial autocorrelation following the procedure of Forester, Im and 

Rathouz (2009).  Plots of the autocorrelation functions revealed that serial 

autocorrelation declined to near zero after a lag of 5 observations (10 hours) for 

dingoes and after 2 observations (8 hours) for cats.  Sensitivity tests which 
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grouped the data by these lags produced only very minor changes in model 

coefficients and standard errors.  Thus we concluded that autocorrelation was 

not a serious issue and that the models are adequate (see Table S. 4.1 in the 

Supplemental Information for sensitivity model outputs).   

4.5. Results 

A total 29 adult feral cats (23 males, 6 females) and 17 adult dingoes (6 males, 

11 females) were captured between June 2013 and 2014 (Table S. 4.2).  The 

mean weight of collared animals for this study was 16.06 ± 1.05 kg for dingoes 

and 4.23 ± 0.13 kg for feral cats.  One adult female feral cat was euthanized as 

a result of trap injuries.  The remaining animals were fitted with GPS collars.  

Two collars representing one male and one female cat failed to drop off and 

were not recovered, while one collar on a female dingo stopped transmitting 

fixes after one week and thus was discarded from analysis.  The average GPS-

collar fix rate for the remaining collars was 98.5% (range: 93.8-100%) for 

dingoes and 92.6% (range: 72.9-98.9%) for cats, after one collar with a poor fix 

rate of 44.4% on a male cat was dropped from analysis.  There was a strong 

male bias in the sample of cats used in the analysis (22 out of 25 cats were 

male (88.0%)), and a slight female bias in the sample of dingoes – 10 out of 16 

(62.5%).  We obtained a total of 5,214 GPS fixes from the 25 feral cats (range: 

84-391) and 11,160 GPS fixes from the 16 dingoes (range: 219-840) after 

screening removed 13 dingo and 12 feral cats fixes.  Total fixes represent 

between 14 and 70 days of location data for each animal over the study period.  

Only 542 (4.9%) of dingo fixes were recorded from grasslands compared to 

1853 (35.5%) for feral cat fixes (Fig. 4.2). 

SEASONAL HOME RANGES 

Kernel density estimates of all 16 dingoes (Fig. S. 4.1) and 25 feral cats (Fig. S. 

4.2) reached an asymptote and were used in the analysis.  Mean seasonal 

home ranges and seasonal core home ranges of dingoes were more than 10 

times larger than those of feral cats (  
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Table 4.1).  Fig. 4.3 shows examples of seasonal home range utilization 

distributions mapped to the study area for selected dingoes and feral cats.  

Mean seasonal home ranges of male dingoes were more than twice as large as 

females and this difference was statistically significant (t = 2.6, p = 0.01).  For 

feral cats, mean seasonal home range sizes of males were 60% larger than 

females but this difference was not statistically significant (t = 0.41, p = 0.34). 

Table S. 4.2 lists the seasonal home range and seasonal core home range 

sizes for each animal and the utilization distributions for each of these home 

range calculations are presented in Fig. S. 4.3 for dingoes and Fig. S. 4.4 for 

feral cats.  

 

 

Fig. 4.2. Proportion of grassland (light grey) and woodland (dark grey) “used” by dingoes and 
feral cats with respect to the method employed to quantify space use.  Used area is derived 
from mean 95% KDEs, used core area from mean 50% KDEs, and used locations from GPS-
collar fixes. Error bars represent 95% confidence intervals for the proportion of grassland used. 
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Table 4.1. Seasonal home ranges (95% KDE) and seasonal core home ranges (50% KDE) ± 
standard errors of both dingoes & feral cats at Matuwa IPA and surrounding properties, Western 
Australia.  Minimum and maximum range sizes are shown in parentheses. 

Species n 95% KDE (ha) 50% KDE (ha) 

Dingo 16 68,186 ± 13,776 
(10,971-191,227) 

14,089 ± 2,720       
(1,250-27,697) 

   Male 6 107,600 ± 25,102 
(10,971-191,227) 

21,422 ± 4,804       
(3,962-27,697) 

   Female 10 44,537 ± 11,418 
(10,971-129,492) 

9,689 ± 2,510        
(1,250-26,378) 

Cat 25 4,108 ± 1,269            
(913-33,518) 

1,086 ± 330            
(205-8,645) 

   Male 22 4,302 ± 1,436             
(913-33,518) 

1,153 ± 372             
(205-8,645) 

   Female 3 2,689 ± 1,085       
(1,528-4,858) 

598 ± 253              
(410-1,099) 

 

 
 

Fig. 4.3. Examples of 95% KDE utilization distributions representing seasonal home ranges of 
selected feral cats (a) and dingoes (b) at Matuwa IPA and surrounding properties in semi-arid 
Western Australia. 
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Comparisons of the mean vegetation type composition in seasonal home 

ranges, core seasonal home ranges, and GPS-collar fixes for feral cats and 

dingoes are presented in Fig. 4.2 and listed for each individual in Table S. 4.2.  

The proportion of vegetation types – woodlands and grasslands – in dingo 

seasonal home ranges closely matched that of the study area (χ2 = 0.07, p = 

0.8).  On the other hand, grasslands were overrepresented in feral cat seasonal 

home ranges relative to their occurrence in the study area (χ2 = 9.4, p < 0.005).  

Dingoes consistently used less grassland in their core seasonal home ranges 

than in their seasonal home ranges (t = -1.9, p = 0.04).  Additionally, the 

number of GPS-collar fixes in grasslands was less than expected for dingoes 

based on the proportion of grassland occurring in seasonal home ranges (t = -

4.2, p < 0.001).  In contrast, feral cats used about the same percentage of 

grassland in their core seasonal home ranges as they did in their seasonal 

home range (t = 0.53, p = 0.30) and there was no difference between proportion 

of grassland in seasonal home range and the proportion of GPS-collar 

relocations in grasslands (t = -0.67, p = 0.26). 

FINE-SCALE HABITAT SELECTION 

Based on cut-off distances for movement, cats were moving 86.4% and dingoes 

73.0% of the time.  From these moving fixes and after accounting for lost fixes 

due to collar errors, we were left with 4,242 discrete habitat choices or ‘steps’ 

for feral cats and 8,082 for dingoes (Fig. S. 4.1).  Parameter estimates for dingo 

and feral cat habitat selection models are presented in Table 4.2. 

Fine-scale population-level selection by dingoes and feral cats for the four 

landscape features is presented in Fig. 4.4.  Dingoes selected strongly for 

woodlands whereas cats showed no selection for woodlands indicating that they 

use woodlands and grasslands in proportion to their availability. 
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Table 4.2. Parameter estimates for mixed-effects step-selection function models of dingo and 
feral habitat selection at Matuwa IPA and surrounding properties in semi-arid Western Australia. 
Binary variables for woodland and road were combined into one variable with 4 categories in 
order to derive coefficients for their interaction.  Reference community is grassland/off-road 
except as indicated with (*) where the reference community is changed to woodland/off-road.  
Subscripts for road indicate vegetation type where selection occurs: reference vegetation type. 
Hydrological feature is populated with dummy variables and vegetation cover represents 3 
classes with reference set to moderate cover. 

Species Fixed effects Odds ratio β SE Z Pr(>|z|)   

dingo woodland 3.53 1.26 0.14 8.84 <0.0001 *** 

 
hydrological feature 1.83 0.61 0.04 16.70 <0.0001 *** 

 
low cover 1.03 0.02 0.04 0.65 0.510   

 
high cover 1.22 0.20 0.02 7.97 <0.0001 *** 

 
roadgrass:grass 18.22 2.90 0.15 19.93 <0.0001 *** 

 
roadwood:grass 14.26 2.66 0.16 17.06 <0.0001 *** 

 
roadwood:wood* 4.04 1.40 0.07 21.48 <0.0001 *** 

 
Random effects Variance 

     

 
intercept 0.72 

       coefficient (woodland) 0.19           

feral cat woodland 1.01 0.01 0.11 0.07 0.95 
 

 
hydrological feature 1.36 0.31 0.09 3.23 0.0012 ** 

 
low cover 0.76 -0.28 0.10 -2.79 0.0052 ** 

 
high cover 1.29 0.25 0.04 6.59 <0.0001 *** 

 
roadgrass:grass 3.07 1.12 0.20 5.73 <0.0001 *** 

 
roadwood:grass 1.66 0.51 0.21 2.45 0.014 * 

 
roadwood:wood* 1.65 0.50 0.18 2.80 0.0052 ** 

 
Random effects Variance 

     

 
intercept 0.56 

     

 
coefficient (woodland) 0.21 
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Fig. 4.4. Regression coefficients of population-level (fixed) effects for habitat features included 
in mixed-effects step-selection function models for dingoes and feral cats at Matuwa IPA and 
surrounding properties in semi-arid Western Australia.  The 95% CIs that occur above zero 
indicate significant selection for that habitat feature, those below indicate significant avoidance, 
and those overlapping zero indicate no significant selection indicating use of that feature in 
proportion to its availability. 

Both predators selected for roads in each vegetation type but dingo selection of 

roads was particularly strong; the odds of dingoes selecting roads is 18.22 

times higher in grasslands and 4.04 times higher in woodlands than the odds of 

selecting non-road locations in those same vegetation types (Table 4.2).  In 

addition, both dingoes and feral cats selected more strongly for roads that were 

in grasslands than roads that were in woodlands.  Hydrological features were 

selected for by both species with dingoes selecting these features strongly and 

cats selecting for them more moderately.  Both dingoes and feral cats selected 

for areas of high cover but dingoes used low cover in proportion to its 

availability whereas feral cats avoided areas of low cover.   

The sensitivity analyses revealed that there was little difference between day 

and night selection of habitat features for dingoes or feral cats (Fig. S. 4.5).  

However, a selection for roads in woodlands by feral cats could not be detected 

from day-time points only.  Male and female dingoes showed the same 

selection patterns as illustrated in the population-level model.  However, while 

both female and male dingoes both selected strongly for woodlands and for 
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roads that were in woodland, female tended to show a stronger selection for 

these features. 

4.6. Discussion 

Because apex predators may interact with non-native mesopredators and 

potentially limit their harmful impacts, understanding the space use and habitat 

selection of both predators is often necessary for successful non-native 

mesopredator management.  We predicted that a native apex predator 

(dingoes) and a non-native mesopredator (feral cats) would have different 

seasonal home range sizes and compositions and would show non-random 

selection for certain habitat features.  We found that the seasonal space use 

requirements for dingoes were an order of magnitude larger in size than feral 

cats (  
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Table 4.1).  Dingoes and feral cats exhibited non-random selection for roads, 

hydrological features, and vegetation cover within their home ranges; both 

predators selected for these features (Fig. 4.2).  Third-order habitat selection for 

vegetation type was non-random among dingoes which selected strongly for 

woodlands, but random for feral cats which showed no selection for either 

woodlands or grasslands.  Nonetheless, feral cats exhibited second-order non-

random selection for vegetation type preferring to establish their home ranges in 

grasslands.  We also predicted that cats would avoid habitat features selected 

by dingoes however the results did not show strong evidence for this.  We 

discuss management implications of these findings and provide 

recommendations for feral cat control in the presence of the larger apex 

predators that are both broadly applicable and specific to the study site. 

The large, ten-fold difference in seasonal home range sizes observed between 

dingoes and feral cats is expected due to their difference in body size and diet.  

Among carnivores, the area of space use scales positively with body size as a 

result of increasing energetic requirements and specialization on larger prey 

(Gittleman & Harvey 1982).  In arid regions of Australia, dingoes tend to prey on 

large macropodids (Macropus spp.) which often exceed their own weight 

(Corbett 1995; Allen, Goullet & Palmer 2012), while feral cats feed primarily on 

rodents and small dasyurids that are much smaller than their own body size 

(Denny & Dickman 2010; Doherty et al. 2015).  We also found that males of 

both species had larger seasonal home ranges than females.  This difference is 

common among carnivores and is frequently associated with size dimorphism 

or the maximization of mating opportunities by males (Lindstedt, Miller & 

Buskirk 1986).  Dingo and feral cat home range estimates vary widely across 

Australia and between ecosystems (Corbett 1995; Brook 2013; Bengsen et al. 

2015); however the seasonal home range estimates in this study are similar to 

other studies of these two species from arid regions of Australia (Edwards et al. 

2002; Burrows et al. 2003; Moseby, Stott & Crisp 2009; Newsome et al. 2013). 

Dingoes selected for woodlands in both their seasonal home-ranges and fine-

scale movements.  Apex predators may select certain vegetation types based 

on the occurrence of prey.  For example, Lesmerises, Dussault and St-Laurent 

(2012) found that wolves in boreal forests of Québec selected vegetation types 
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that provide suitable habitat for their main prey; moose and beavers.  Dingo 

selection of woodlands is most likely related to the presence of macropodids 

which typically prefer woodlands to hummock grasslands in arid ecosystems 

(Short et al. 1983).  Dingo selection for hydrological features is also likely 

related to prey availability and the presence of water, as well as the use of 

waterways as movement corridors.  Thomson (1992) found that dingoes used 

riparian areas in higher proportion than their availability and proposed that the 

location of water was an important factor in determining the distributions of both 

dingoes and their prey, while Harden (1985) found that dingoes frequently 

travelled along streams during the course of their regular movements.  Dingo 

selection for high vegetation cover may also be related to the presence of prey 

but also probably reflects their need for concealment and shade in hot arid 

climates (Fleming, Bomford & Trust 2001).   

Dingoes selected very strongly for roads in both habitats (Fig. 4.4).  This finding 

is consistent with a large body of evidence that demonstrates that many apex 

predators including wolves (Whittington, St. Clair & Mercer 2005; Latham et al. 

2011a), bears (Roever, Boyce & Stenhouse 2010) and African wild dogs 

(Whittington-Jones et al. 2011) select roads and other linear features especially 

where traffic or human presence is low.  In Australia, Robley et al. (2010) 

documented selection for roads by dingoes in a forested region of eastern 

Victoria, and it is generally accepted that roads provide important movement 

corridors for dingoes (Fleming, Bomford & Trust 2001).  However, this is the first 

study to quantify the strength of dingo road selection and examine difference in 

selection of roads across vegetation types.  The results of the habitat selection 

model (Table 4.2) indicate a much stronger selection for roads in grasslands 

than in woodlands.  This stronger selection for roads in grasslands almost 

certainly reflects the difference in utility of these two habitat types.  With 

reduced food resources in grasslands, dingoes likely use roads more frequently 

as a means of traveling to more productive foraging areas of their home ranges.  

Feral cats did not use either vegetation type more frequently within their 

seasonal home ranges (Fig. 4.2) and showed a random selection for this 

feature (Fig. 4.4); although it is likely that certain individual cats selected for or 

against woodlands based on the variance associated with the random 
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coefficient in the model (Table 4.2).  Feral cat seasonal home ranges typically 

included a larger proportion of grasslands than was available in the study site 

(Fig. 4.2), which suggests that feral cats preferentially establish their home 

ranges in grassland; i.e. they showed a second-order selection for grasslands.  

Feral cat preference for grasslands at this spatial scale is most likely related to 

prey availability, as hummock grasslands in these ecosystems generally 

support greater abundances of small vertebrates – which make up the bulk of 

feral cat diets – compared to woodlands (Morton & James 1988; Frank et al. 

2014); this has also been documented from the study site (Chapman & Cowan 

2014).   

The findings of this study contrast those of Edwards et al. (2002) who found that 

feral cat relative abundance at passive tracking stations was higher in mulga 

woodlands compared to spinifex grasslands.  These authors also found higher 

abundances of small vertebrates in grasslands but attributed the inconsistency 

between cat abundance and prey abundance to a greater foraging success 

provided by the vegetatively-denser woodlands which may suit the stalk and 

ambush style of feral cat hunting.  The results presented here suggest that the 

higher prey availability in grasslands outweighs any potential foraging 

advantage that woodland may provide in determining feral cat selection of 

vegetation type.  However, the present study does not account for seasonal 

difference in rainfall and productivity.  Such temporal variation in bottom-up 

process are likely to play an important role in determining prey abundance 

which can subsequently affect intraguild competition and space use patterns 

among predators especially in arid ecosystems (Greenville et al. 2014).  This 

limitation may also partially explain the contrasting results of this study and 

those of Edwards et al. (2002). 

At the same time, the habitat selection models indicated that feral cats selected 

for areas of high vegetation cover and avoided areas of low vegetation cover.  

Like other studies of feral cat habitat selection both globally (Doherty, Bengsen 

& Davis 2014) and within Australia (Mahon, Bates & Dickman 1998; Edwards et 

al. 2002; Moseby, Stott & Crisp 2009), selection for high vegetation cover is 

presumably related to a foraging behaviour that favours stalking and ambush; 

but it is also probably important for shelter and concealment from other 
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predators.  However, McGregor et al. (2014) found that cats select more 

strongly for open habitats, particularly newly burnt areas and concluded that this 

was probably to maximize hunting efficiency.   

We also found that feral cats selected for hydrological features.  In many cases 

feral cats show a preference for riparian areas (Doherty, Bengsen & Davis 

2014).  While this has been documented in some parts of Australia (Buckmaster 

2012; McGregor et al. 2014), to our knowledge this study represents the first 

documentation of this in arid regions of the country.  Unlike dingoes (Allen 

2012), feral cats do not need to drink regularly (Abbott 2002); hence their 

preference for hydrological features is probably related to the presence of prey 

or use of movement corridors. 

Like dingoes, feral cats selected for roads in both woodlands and grasslands 

(Table 4.2).  This behaviour has been documented globally and within Australia 

(Doherty, Bengsen & Davis 2014).  However, feral cat selection for roads was 

substantially weaker than that of dingoes.  This is probably a function of the 

smaller size of feral cat home ranges and the lower likelihood of encountering 

roads relative to their density in the study area.  Like dingoes, feral cats 

selected for roads more strongly in grasslands than in woodlands (Table 4.2).  

The odds of cats selecting roads in woodlands was nearly half that of 

grasslands compared to off-road locations in each vegetation type.  However, 

unlike dingoes whose higher selection for roads in grasslands is most likely 

related to the low value of that vegetation type, the same is probably not true for 

feral cats which show second-order selection for grasslands.  The stronger 

selection for roads in grasslands may be because the higher understory cover 

and high density of spiky spinifex grasses in grasslands present more 

resistance to movement than woodlands. 

In contrast to the prediction that smaller mesopredators would avoid habitats 

preferred by larger apex predators (Glen & Dickman 2005), we did not find 

strong evidence of feral cats avoiding landscape features used by dingoes in 

this study.  Both species selected for roads, hydrological features and high 

vegetation cover and we found no indication that selection of these features 

differed temporally between the two species (Fig. S. 4.5).  Furthermore, feral 
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cats did not avoid woodlands within their home ranges despite the preference 

by dingoes for this habitat. It is possible that feral cats may prefer to establish 

their home ranges in areas with more grassland in order to avoid dingoes.  

Similarly, feral cats may use roads less in woodlands to limit their exposure to 

dingoes in a habitat where they are more likely to encounter them.  However 

without manipulations of either resource or dingo abundance, it is difficult to 

determine which mechanism is driving habitat choice and these possibilities 

require further investigation.  

This study provides important insights for the management feral cats where 

they co-occur with native apex predators.  Identifying features in the landscape 

that feral cats select is important for identifying areas to target control.  

However, apex predators may also suppress feral cats which can be important 

for limiting their impacts.  Therefore control techniques that are not specific to 

feral cats – i.e. poison baiting – have the potential to reduce populations of apex 

predators thereby reducing their effectiveness as control agents.  By identifying 

where feral cats are likely to either overlap or segregate spatially with apex 

predators, we can adapt control techniques accordingly; applying control 

techniques specific to feral cats in areas where they overlap with apex 

predators and more general techniques were they are segregated.  At the study 

site, we found that both dingoes and feral cats selected for hydrological 

features, high vegetation cover, and roads; therefore control in these areas 

should employ techniques that are specific to feral cats such as trapping.  Aerial 

dispersal of predator baits which do not discriminate between feral cats and 

dingoes are currently applied once a year over the study site.  Because feral 

cats showed some preference for grasslands while dingoes selected strongly 

for woodlands and occurred very infrequently in grasslands, it is likely that 

increased baiting in grasslands would provide additional control of feral cats 

with limited non-target impacts to dingoes. 

Because organisms are differentially distributed in the landscape (Cherry 1998; 

Guisan & Thuiller 2005), non-native mesopredator management can benefit 

greatly from spatial analyses to understand both the level of exposure posed to 

native prey and where to target control operations (Recio, Seddon & Moore 

2015).  Additionally, because larger and more dominant predators may 
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influence the space use of non-native mesopredators and potentially limit their 

impacts (Durant 1998; Ritchie & Johnson 2009), an understanding of apex 

predator space use can be equally important for informing non-native 

mesopredator control efforts (Ruscoe et al. 2011).  This study provides an 

example of how information about the space use of a native apex predator and 

a non-native mesopredator can be used together to make recommendations for 

the control of the latter.  This study was limited to the examination of predator 

space use over only one season, and hence the results only provide a snapshot 

of space use and predator interactions under the specific site characteristics of 

that time period.  Non-native mesopredator management could be further 

improved by incorporating a longer temporal view to account for seasonal and 

yearly fluctuations in productivity which is another factor that can strongly 

influence predator space use especially in arid ecosystems (Greenville et al. 

2014). 
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4.9. Supplemental Information 

Table S. 4.1. Results of sensitivity tests with data grouped by serial autocorrelated lags. Plots of 
the autocorrelation functions of fitted mixed-effects step-selection function models revealed that 
autocorrelation declined to near aero after a lag o 5 observations (10 hours) for dingoes and 2 
observations (8 hours) for feral cats.  Data was then regrouped by these lags and run again.  
Model outputs of these sensitivity analyses deviate only slightly from original models in Table 
4.2 hence we concluded that autocorrelation was not a serious issue and that model results in 
Table 4.2 were adequate. 

Species Fixed effects Odds ratio β SE Z Pr(>|z|)   

dingo woodland 3.53 1.26 0.14 8.88 <0.0001 *** 

 
hydrological feature 1.84 0.61 0.04 16.77 <0.0001 *** 

 
low cover 1.03 0.02 0.04 0.65 0.520   

 
high cover 1.22 0.20 0.02 7.96 <0.0001 *** 

 
roadgrass:grass 18.29 2.91 0.15 19.96 <0.0001 *** 

 
roadwood:grass 14.30 2.66 0.16 17.14 <0.0001 *** 

 
roadwood:wood* 4.05 1.40 0.07 21.52 <0.0001 *** 

 
Random effects Variance 

     

 
intercept 0.70 

       coefficient (woodland) 0.19           

feral cat woodland 1.01 0.01 0.11 0.07 0.95   

 
hydrological feature 1.36 0.31 0.09 3.23 0.0012 ** 

 
low cover 0.76 -0.27 0.10 -2.78 0.0054 ** 

 
high cover 1.29 0.25 0.04 6.60 <0.0001 *** 

 
roadgrass:grass 3.08 1.12 0.20 5.74 <0.0001 *** 

 
roadwood:grass 1.66 0.51 0.21 2.45 0.014 * 

 
roadwood:wood* 1.65 0.50 0.18 2.80 0.0052 ** 

 
Random effects Variance 

     

 
intercept 0.56 

     

 
coefficient (woodland) 0.21 
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Table S. 4.2. Details of animal capture and GPS-collar data collection for dingoes and feral cats at Matuwa IPA.  Seasonal home ranges were 
calculated at the 95% and 50% KDE utilization distribution (UD) using the reference bandwidth; the percentage of each UD and the percentage of total 
fixes occurring in grassland habitats is also listed.  Animals for which no data was collected were the result of unplanned euthanasia†; collar failure or 
collar drop-off failure‡; or poor collar fix rate* 

species name sex 
mass 
(kg) 

date 
collared 

dates of data 
collection 

no. of 
days 

fix interval: % 
success (n 
successful) 

no. of 
steps 

95% KDE 
(ha) 

%KDE in 
grassland 

50% KDE 
(ha) 

% core KDE 
in grassland 

% fixes in 
grassland 

cat cat 1 F 3.9 25/04/14 † † † † † † † † † 

  cat 2 M 4.5 27/04/14 May 1 - Jul 9 70 4 hrs: 92% (391) 339 5198 3.9 1582 4.7 4.6 

  cat 3 M 4.1 28/04/14 May 1 - Jul 9 70 4 hrs: 88% (370) 310 4747 2.4 1403 7.7 4.1 

  cat 4 M 5.0 04/05/14 May 5 - Jul 9 66 4 hrs: 73% (289) 195 1496 22.5 353 0.0 8.0 

  cat 5 M 4.5 08/05/14 May 9 - Jul 9 63 4 hrs: 93% (347) 293 2647 0.7 587 0.0 1.2 

  cat 6 M 3.5 12/05/14 May 13 - Jul 9 58 4 hrs: 95% (330) 287 4444 84.0 1342 93.5 86.4 

  cat 7 M 4.5 05/06/14 Jun 6- Jul 9 33 4 hrs: 44% (84) * * * * * * 

  cat 8 F 2.5 06/06/14 Jun 7 - Jul 9 33 4 hrs: 91% (180) 133 1528 8.4 410 3.8 8.3 

  cat 9 M 3.0 07/06/14 Jun 8 - Jul 9 32 4 hrs: 77% (146) 96 33518 17.1 8645 24.1 35.6 

  cat 10 M 4.9 07/06/14 Jun 8 - Jul 9 32 4 hrs: 96% (184) 152 913 74.2 205 86.5 82.6 

  cat 11 M 5.0 08/06/14 Jun 9 - Jul 9 31 4 hrs: 99% (184) 169 8044 4.7 2139 3.7 1.6 

  cat 12 F 3.7 08/06/14 Jun 9 - Jul 9 31 4 hrs: 88% (164) 115 1681 80.1 284 85.6 75.0 

  cat 13 M 3.9 09/06/14 Jun 10 - Jul 9 30 4 hrs: 94% (169) 150 1157 1.3 315 0.0 3.6 

  cat 14 M 5.1 12/06/14 Jun 13 - Jul 9 27 4 hrs: 94% (152) 135 1911 0.1 493 0.0 0.7 

  cat 15 M 4.6 13/06/14 Jun 14 - Jul 9 26 4 hrs: 98% (153) 139 2658 42.2 872 39.4 39.9 

  cat 16 M 5.1 13/06/14 Jun 14 - Jul 9 26 4 hrs: 96% (150) 136 3262 57.6 762 59.9 62.0 

  cat 17 M 4.5 13/06/14 Jun 14 - Jul 9 26 4 hrs: 90% (139) 114 3764 46.1 1088 43.5 17.3 

  cat 18 M 3.9 14/06/14 Jun 15 - Jul 9 25 4 hrs: 95% (142) 113 1814 75.8 536 78.3 64.8 

  cat 19 F 3.0 14/06/14 Jun 15 - Jul 9 25 4 hrs: 99% (148) 114 4858 64.1 1099 70.6 86.5 

  cat 20 M 4.0 14/06/14 Jun 15 - Jul 9 25 4 hrs: 99% (148) 139 1852 79.5 408 89.9 83.8 

  cat 21 M 4.5 15/06/14 Jun 16 - Jul 9 24 4 hrs: 99% (142) 126 1682 85.6 451 73.5 71.8 
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species name sex 
mass 
(kg) 

date 
collared 

dates of data 
collection 

no. of 
days 

fix interval: % 
success (n 
successful) 

no. of 
steps 

95% KDE 
(ha) 

%KDE in 
grassland 

50% KDE 
(ha) 

% core KDE 
in grassland 

% fixes in 
grassland 

  cat A M 5.5 13/06/13 Jun 14 - Jul 5 22 2 hrs: 98% (264) 181 1388 71.1 315 60.5 59.5 

  cat B M 3.5 14/06/13 Jun 15 - Jul 5 21 2 hrs: 98% (253) 215 3199 80.6 902 90.2 75.1 

  cat C M 4.2 16/06/13 Jun 17 - Jul 5 19 2 hrs: 93% (218) 159 4424 76.4 1364 90.1 81.2 

  cat D  M 4.7 18/06/13 ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ 

  cat E M 4.0 21/06/13 Jun 22 - Jul 5 14 2 hrs: 92% (159) 135 1741 9.1 362 6.5 3.1 

  cat F M 4.5 20/06/13 Jun 21 - Jul 5 15 2 hrs: 87% (163) 111 2482 3.1 591 1.7 1.2 

  cat G M 4.2 15/06/13 Jun 16 - Jul 5 20 2 hrs: 93% (229) 186 2300 2.0 645 0.6 0.4 

dingo dingo 1 F 14.6 04/10/13 May 1- Jul 4 65 2 hrs: 95% (772) 562 44557 41.4 8403 31.6 9.2 

  dingo 2 F 11.7 05/10/13 ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ 

  dingo 3 F 14.5 15/10/13 May 1- Jul 9 70 2 hrs: 94% (838) 597 78813 8.5 19387 6.2 0.8 

  dingo 4 F 13.8 20/10/13 May 1- Jul 9 70 2 hrs: 98% (837) 540 10971 41.5 1250 26.3 14.8 

  dingo 5 F 15.6 22/10/13 May 1- Jul 9 70 2 hrs: 99% (840) 617 129492 33.1 26378 16.4 3.5 

  dingo 6 F 14.3 30/04/14 May 1- Jul 9 70 2 hrs: 99% (834) 631 20261 0.5 4500 0.0 0.4 

  dingo 7 M 21.0 01/05/14 May 2- Jul 9 69 2 hrs: 99% (822) 601 75669 3.1 17294 1.2 0.1 

  dingo 8 F 16.2 03/05/14 May 4- Jul 9 67 2 hrs: 99% (792) 582 52093 13.8 13862 0.1 3.5 

  dingo 9 M 18.0 04/05/14 May 5- Jul 9 66 2 hrs: 99% (785) 579 191227 13.3 27697 10.8 3.3 

  dingo 10 M 23.0 05/05/14 May 6- Jul 9 65 2 hrs: 99% (771) 552 58578 40.2 14377 19.6 13.5 

  dingo 11 M 19.5 06/05/14 May 7- Jul 9 64 2 hrs: 99% (761) 559 158532 4.7 36561 0.3 0.3 

  dingo 12 F 15.4 06/05/14 May 7- Jul 9 64 2 hrs: 100% (767) 526 39650 49.2 7769 35.7 4.0 

  dingo 13 F 13.2 07/05/14 May 8- Jul 9 63 2 hrs: 99% (749) 557 21167 0.4 5427 0.2 0.1 

  dingo 14 F 14.8 15/05/14 May 16- Jul 9 55 2 hrs: 99% (655) 508 33380 0.7 7273 0.1 0.2 

  dingo 15 M 16.0 20/05/14 May 21- Jun 8 18 2 hrs: 100% (219) 160 127999 36.3 28643 52.1 16.0 

  dingo 16 F 13.0 08/06/14 Jun 9 - Jul 9 31 2 hrs: 99% (369) 272 14989 0.0 2640 0.0 0.0 

  dingo 17 M 18.5 09/06/14 Jun 10 - Jul 9 30 2 hrs: 98% (349) 240 33594 43.8 3962 54.7 22.6 
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Fig. S. 4.1. Asymptote analysis with data added randomly at 25-fix intervals for dingo seasonal 
home ranges calculated at the 95% KDE utilization distribution.  Animals lised alphabetically 
from left to right starting with Axl in top left corner.  Seasonal home ranges are sufficiently 
described when 75-100% of fixes (x-axis) are within 5% total kernal area (represented in grey 
on y-axis) which was achieved for all individuals in the analysis.  Axis values ar not important, 
note convergence of data within the 5% threshhold 
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Fig. S. 4.2. Asymptote analysis with data added randomly at 15-fix 
intervals for feral cat seasonal home ranges calculated at the 95% 
KDE utilization distribution.  Animals listed alphebetically from left to 
right starting with cat A in top left corner.  Seasonal home ranges are 
sufficiently described when 75-100% of fixes (x-axis) are within 5% 
total kernal area (represented in grey on the y-axis) which was 
achieved for all individuals in the analysis.  Axis values ar not 
important, note convergence of data within the 5% threshhold 
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Fig. S. 4.3. KDE utilisation distributions using the reference bandwidth for dingoes showing 95% 
and 50% (core) isopleths. Animals listed alphabetically from left to right starting with Axl in top 
left corner. Axes values are not important, note the shape of the KDEs. 
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Fig. S. 4.4. KDE utilisation distributions using the reference bandwidth 
for feral cats showing 95% and 50% (core) isopleths. Animals listed 
alphebetically from left to right starting cat A in top left corner. Axes 
values are not important, note the shape of the KDEs. 
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Fig. S. 4.5. Sensitivity analyses for habitat selection models run for (a) dingo day and night 
steps, (b) feral cat day and night steps, and (C) male and female dingoes. 

 
 

 

 

 





 

117 
 

5. General Discussion 

My thesis examined the relationship between dingoes and feral cats at a 

conservation reserve in the central arid rangelands of Western Australia.  

Numerous paths of investigation outlined in the preceding chapters were used 

to examine this relationship.  By using this multi-prong approach I was able to 

provide a robust assessment of this intraguild predator relationship, thereby 

enhancing the understanding of dingo and feral cat interactions in arid Australia.  

This concluding chapter discusses the main outcomes of my thesis and 

provides a synthesis of these findings.  Finally I discuss the implications of my 

research for management, discuss limitations of my work, and provide potential 

future research directions which can build upon thesis. 

5.1. Summary of major findings and synthesis of results 

Aim 1: Develop a reliable methodology for surveying predators and large prey 

that can accurately measure their occurrence in the landscape. 

By their very nature, medium- to large-bodied terrestrial mammalian predators 

often occur over low densities or exhibit cryptic behaviours; traits that make 

them difficult to survey (Wilson & Delahay 2001; Balme, Hunter & Slotow 2009).  

In addition, surveys methods that seek to estimate population measures such 

as occurrence or abundance may be confounded when they cannot be 

separated from the detection process (MacKenzie & Royle 2005).  This situation 

– known as imperfect detection – can introduce considerable bias into the 

population estimate and obscure important ecological patterns (Wenger & 

Freeman 2008; Dénes et al. 2015).  Therefore an important first step in this 

thesis was to develop a reliable methodology that could account for imperfect 

detection and accurately assess the populations of dingoes, feral cats, and prey 

species with which they interact. 

In Chapter 2, I used camera traps to conduct surveys for dingoes, feral cats and 

macropodids and examined how survey design features impacted the ability to 

detect these species.  I found that by placing cameras on roads the probability 

of detection for dingoes and feral cats (but not macropods) was greatly 

increased.  The addition of audio lures in conjunction with camera traps resulted 
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in higher detection rates for all species but did not improve the capacity to 

detect any of them.  This is likely because the influence of roads on detection 

was so strong that it overshadowed any additional benefit provided by the lures.  

In fact, I found that the probability of detection increased 13-fold for dingoes and 

4-fold for feral cats from cameras placed on roads.  This finding is consistent 

with other studies in Australia that have demonstrated higher capture rates of 

dingoes and feral cats from road-based cameras compared to off-road camera 

sets (Wang & Fisher 2013; Read et al. 2015). This large increase in detection 

from on-road cameras is important because many predators are cryptic or occur 

in low numbers making their detection difficult; by placing cameras on roads I 

show that this difficulty can be overcome.   

In other parts of the world, camera trap studies that have investigated the 

importance of roads and other linear features in detecting canids and felids 

have typically found that detection rates of these species are higher from on-

road or on-trail cameras.  For example, in South America, jaguars, pumas, and 

ocelots have been recorded more frequently from cameras placed on trails 

(Harmsen et al. 2010; Sollmann et al. 2012; Srbek-Araujo & Chiarello 2013; 

Blake & Mosquera 2014; Di Bitetti, Paviolo & De Angelo 2014; Cusack et al. 

2015).  In Tanzania, Cusack et al. (2015) found that detections of jackals, wild 

cats, leopards, and lions were all greater from trail-based cameras.  Hence, my 

findings are consistent with these studies and support the general belief that 

cameras deployed on roads or trails will achieve higher detection rates of 

carnivores (Meek et al. 2014). 

Understanding the effect of camera trap design features such as roads and 

lures on the detection of predators and prey was the first part of Aim 1.  I also 

wanted to know if the surveys I designed could reliably measure the occurrence 

of dingoes, feral cats, and macropodids in the landscape.  Using occupancy 

models, which specifically account for imperfect detection, I was able to obtain 

robust estimates of occupancy from the camera trap surveys we conducted in 

Chapter 2.  These estimates showed that both dingoes and macropodids had 

higher occupancies in woodland habitats while feral cats showed no detectible 

difference in occurrence between woodlands and grasslands.   
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These occupancy results were expected for dingoes and macropodids but not 

for feral cats.  Woodlands support better browse for macropods (Short et al. 

1983) and is a logical explanation for their higher occurrence in this habitat.  

Because, apex predators are likely to select habitats based on where prey are 

more abundant or easier to access (Stephens & Krebs 1986), the higher 

occurrence of dingoes in woodlands can be explained by the high occurrence of 

their main prey there.  I expected that feral cats would avoid habitats where 

dingoes occur with greater frequency.  However, the results showed that feral 

cat occupancy was equal across both woodlands and grasslands suggesting 

that feral cat selection and use of habitat may not be strongly influenced by 

dingoes; although exclusion experiments are necessary to understand which 

habitat feral cats prefer in the absence of dingoes.   

Studies that have examined the spatial relationships among sympatric 

predators have found that larger predators can exclude smaller predators from 

certain areas or habitats when there is competition for the same prey 

(Palomares et al. 1996; Fedriani, Palomares & Delibes 1999; Berger & Conner 

2008) but may coexist when intraspecific competition for prey is low (Fedriani, 

Palomares & Delibes 1999; Scognamillo et al. 2003).  While Chapter 2 provided 

an important first glimpse into the nature of the spatial relationship between 

dingoes and feral cats, it was clear that to better understand this relationship, an 

understanding of the extent of intraspecific competition between them was 

necessary. 

Aim 2: Evaluate the potential for interspecific competition between dingoes and 

feral cats and the potential impact each pose to threatened mammal species 

In Chapter 3, I examined the potential for interspecific competition between 

dingoes and feral cats by examining their diets.  Using scat contents analysis, I 

found that the level of dietary overlap between the two species was low.  In fact 

the value I obtained was considerably lower than has been reported for these 

two species from other studies (Paltridge 2002; Glen et al. 2011; Doherty 2015).  

Competition between predators is more likely to occur when dietary overlap is 

high as predators compete for shared prey (Schoener 1983; Glen & Dickman 

2005).  Hence, my results suggest that that there is little potential for 
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competition between dingoes and feral cats at my study site.  However, as 

discussed later my study provides only a snapshot, and interactions may 

change over longer time periods, for instance because of inter-annual variations 

in rainfall and resource availability (Greenville et al. 2014). 

The dietary overlap results provided an important insight not only into the level 

of competition between dingoes and feral cats but also to explain the nature of 

their spatial relationship that I began to uncover in Chapter 2.  In that chapter I 

found that both dingoes and feral cats co-occurred across similar habitats.  

Ecological theory predicts that two competing species can coexist when there is 

some degree of resource partitioning either in diet, space, or time (Gause 

1934).  Therefore, the high level of dietary partitioning between dingoes and 

feral cats may be an important mechanism that facilitates their spatial 

coexistence.   

Similar findings that demonstrate spatial coexistence between predators with 

low dietary overlap have been demonstrated from other ecosystems.  For 

example, spatial coexistence has been observed between badgers and lynxes 

in Spain (Fedriani, Palomares & Delibes 1999) and between jaguar and puma in 

Venezuela (Scognamillo et al. 2003).  In both these studies, low dietary overlap 

between the two predators was also observed and proposed as a mechanism to 

explain their spatial overlap.  My findings are consistent with these studies and 

add further evidence in support of ecological theory regarding the relationship 

between competition and space use among sympatric predators. 

In Chapter 3, I also examined the diets of feral cats and dingoes to evaluate the 

relative impacts that each pose to threatened mammals.  I found that mammals 

in the critical weight range for extinction (100-5,000 g sensu Johnson and Isaac 

(2009)) occurred three times more frequently in cat scats than in dingo scats; 

this suggests that these mammals are at a higher relative risk from cats than 

from dingoes.  This information supports an increasing body of work that points 

to feral cats as a major driver of medium-sized native mammal declines 

throughout Australia (Dickman 1996; Johnson 2006; McKenzie et al. 2007; 

Woinarski et al. 2011; Woinarski, Burbidge & Harrison 2015).  These results 

also contribute to the larger body work that demonstrates the harmful impacts of 
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non-native mesopredators on native prey worldwide and highlights the critical 

need to address these impacts for the future conservation of biodiversity 

globally (Salo et al. 2007; Prugh et al. 2009). 

With the first two data chapters, I began to build a picture of the spatial and 

dietary relationship between dingoes and feral cats and revealed that these 

aspects are likely interrelated.  However, in Chapter 2, I only looked at one 

spatial covariate, vegetation type, and I did so across a coarse scale.  In the 

final data chapter I took a closer look at the spatial relationship between 

dingoes and feral cats, examining other landscape features that might influence 

their habitat selection and focusing in at a finer scale. 

Aim 3: Understand the space use and fine-scale habitat selection of dingoes 

and feral cats 

In Chapter 4, I characterized the seasonal home ranges of dingoes and feral 

cats.  Among carnivores, there is an increasing specialization on large prey as 

body size increases in order to meet higher energetic requirements (Carbone et 

al. 1999).  In turn, these energetic demands and specialization on large prey 

require large carnivores to have large home and foraging ranges (Gittleman & 

Harvey 1982; Lindstedt, Miller & Buskirk 1986; Carbone et al. 2005).  In Chapter 

3, I found that dingoes preyed primarily on large macropodids whereas feral 

cats preyed primarily on small mammals.  In Chapter 4, I found that dingo mean 

seasonal home ranges were an order of magnitude larger than those of feral 

cats.  With these two lines of evidence a cohesive picture of dingo and feral cat 

space use emerges that is consistent with ecological theory and empirical 

evidence which demonstrates a positive scaling of space use with body size as 

a result of increasing energetic requirements and specialization on large prey. 

In Chapter 4, I also examined the habitat selection of dingoes and feral cats at 

two spatial scales.  I found that both predators exhibited non-random selection 

for certain landscape features within their seasonal home ranges; i.e. third order 

habitat selection (sensu Johnson 1980).  Dingoes and feral cats selected for 

roads, hydrological features, and high vegetation cover.  However, with respect 

to third-order selection of vegetation type, dingoes selected strongly for 
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woodlands whereas feral cats exhibited random selection; they did not select for 

either woodlands or grasslands.  However, examination of the vegetation 

composition of feral cat home ranges illustrates that grasslands occur with more 

frequency than they are represented in the landscape.  This suggests that feral 

cats prefer to establish their home ranges in grasslands – i.e. the show second 

order habitat selection (sensu Johnson 1980) for grasslands – despite the fact 

that they may not select for grasslands within their home ranges. 

These findings are important for several reasons.  First, support the results from 

Chapter 2 which showed that dingo occupancy was higher in woodlands.  Thus, 

I have presented two lines of evidence showing the importance of woodlands 

for dingoes. Second, these findings reveal something deeper about the 

importance of vegetation type for feral cats.  Chapter 2 revealed that feral cat 

occupancy did not differ between woodlands and grasslands.  Similarly, 

Chapter 4 revealed that within their home ranges, feral cats do not select for 

either vegetation type.  Together these results suggest that feral cat occurrence 

and use of the landscape is not influenced by vegetation type.  At the same 

time, feral cats appear to show some preference for establishing their home 

ranges in grasslands which means that grasslands may provide some benefit to 

them.  This revelation warrants further investigation on the role of vegetation 

type in feral cat ecology in arid Australia. 

The findings from Chapter 4 also provided further insight into the nature of the 

relationship between dingoes and feral cats.  The results did not show strong 

evidence of feral cats avoiding landscape features used by dingoes.  Both 

predators showed a common selection for roads, hydrological features and high 

vegetation cover, and feral cats did not avoid woodlands within their home 

ranges despite a strong preference by dingoes for this vegetation type.  While 

predator exclusion experiments are ultimately required to understand how feral 

cats behave in the absence of dingoes, these results suggest that feral cat 

habitat use may not be strongly influenced by dingo habitat use.  
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The results from this chapter are relevant to the broader study of predator 

space use, habitat selection, and foraging theory.  Many predators select 

habitats where prey is more abundant or easier to access and this foraging 

strategy has been well-documented for many carnivores (Litvaitis, Sherburne & 

Bissonette 1986; Pike et al. 1999; Palomares et al. 2001; Spong 2002; 

Lesmerises, Dussault & St-Laurent 2012).  My results point strongly to a dingo 

selection of woodlands that is driven by the occurrence of their main prey, thus 

supporting these other studies.  Additionally, the results from this chapter 

support a large body of work that demonstrates the selection and use of low-

traffic roads (Whittington, St. Clair & Mercer 2005; Roever, Boyce & Stenhouse 

2010; Latham et al. 2011; Whittington-Jones et al. 2011), hydrological features 

(Dickson, Jenness & Beier 2005; Whittington, St. Clair & Mercer 2005; Cruz et 

al. 2015), and high cover (Hopcraft, Sinclair & Packer 2005; Milakovic et al. 

2011) by many predator species.  However, while has generally believed that 

mesopredators avoid roads in the presence of apex predators (Hayward & 

Marlow 2014), my research did not find evidence of this.   

The results from the three data chapters start to build a holistic picture of the 

nature of the interaction between dingoes and feral cats that point to spatial co-

existence and common selection for landscape features that is facilitated by 

differences in diet which is ultimately underwritten by differences in body size.  

Using the results from these chapters I was also able to examine this intraguild 

relationship in the context of biodiversity conservation in arid Australia to 

provide concrete and detailed management recommendations for addressing 

the impacts of feral cats. 

5.2. Limitations of research 

Due to the fact that predators range over large areas and are typically rare 

relative to their prey, ecological research on top-down processes presents some 

difficult logistical challenges which can limit the strength of their inferences 

(Terborgh & Estes 2010).  Despite the multi-prong approach I applied to my 

research, I was inevitably limited by some of these logistical challenges.  While 

this does not decrease the value of the research I conducted and the approach I 

applied, it is nevertheless important to acknowledge these limitations and 

understand how they affect the interpretation of my results. 
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The best way to obtain strong evidence of the impact of apex predators is 

though experiments which manipulate their numbers or exclude their presence 

(Glen & Dickman 2005). By measuring the activity and/or abundance of 

mesopredators and prey before and after the manipulation of apex predator 

abundance at the impact site and a suitable control site, strong inferences into 

the effects of apex predators can be made.  However, such a BACI (Before-

After Control-Impact) design was not feasible for my study for three important 

reasons.  First, the manipulation of dingo numbers was not possible for both 

logistic and ethical reasons.  Also, because much of the land in surrounding 

properties remains under cattle production, there was no ecologically similar 

control site available.  Finally, the time scale needed to measure a response in 

feral cat abundance from dingo control or removal was too long for the period of 

my study which was conducted over two field seasons.   

Without the ability to conduct removal experiments and apply a BACI design, it 

is difficult to establish the habitat and dietary preferences of feral cats in the 

absence of dingoes.  This means that it can be difficult to separate the cause of 

these observed ecological patterns from their effect.  Hence while I have 

provided evidence along multiple lines of investigation for a lack of strong 

evidence of suppression of feral cats by dingoes, it is important to understand 

that these patterns may be at least in part determined from the outcome of 

competitive interactions between the two predators. 

Resource pulses driven by infrequent and unreliable rains are characteristic of 

arid environments (Yang et al. 2010).  These irregular pulses can cause boom 

or bust cycles as primary productivity varies in response to rainfall (Yang et al. 

2010).  The effects of fluctuating productivity mean that the relative strength and 

influence of top-down and bottom-up processes does not stay the same over 

time (Elmhagen & Rushton 2007).  Boom cycles may make prey readily 

available which can mean that competition between predators is reduced while 

long busts may make prey scarce, thus increasing the competition between 

predators (Greenville et al. 2014).   

Because my research only covered two field seasons, my results only represent 

a snapshot of the interaction dynamics between dingoes and feral cats, and the 
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interpretation of my results must be couched within the particular environmental 

conditions of this time period.  In the first year of my research, annual rainfall 

was only 3 mm above the long term annual average of 259 mm while in the 

second year it was 171 mm above this average.  Because most of the data for 

my study were collected in the second year, it is likely that my results reflect 

more of a boom cycle than a bust.  Hence, it is possible that, while my study did 

not find strong evidence of dingo regulation of feral cats, this regulation could 

increase during bust periods.  However, without other data points from time 

periods of varying rainfall and productivity, I can only speculate that this may be 

the case. 

The results of my research may also be complicated by the effect of seasonal 

poison bait application which occurs once a year at the study site.  This baiting 

has had a measurable impact on feral cat activity, most likely indicating a 

reduction in feral cat abundance (Algar, Onus & Hamilton 2013), and is also 

known to negatively impact dingo activity.  Sympatric predators may be much 

less likely to interact at low abundancies as there is less chance for them to 

come in physical contact.   

I have tried to minimize any effects that this baiting regime may have on the 

ecology of and interaction between dingoes and feral cats by restricting my 

camera trap and GPS collar data to a period just prior to these bait applications 

when feral cat and dingo activities are at their highest (Algar, Onus & Hamilton 

2013).  However, it is possible that the abundancies of these predators are still 

lower than they would be in the absence of annual poison bait applications.  As 

such, it is important to keep in mind that any perceived lack of top-down control 

could be in part due to artificially low predator abundancies as the result of 

annual poison baiting. 

5.3. Implications for management 

Camera traps are an emergent technology that is finding broad application in 

ecological research and management (O'Connell, Nichols & Karanth 2010).  At 

the beginning of my research, the Department of Parks and Wildlife purchased 

a large collection of camera traps to supplement and potentially replace 

traditional track count monitoring which was increasingly time-consuming, 
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expensive, and unreliable.  Cameras are attractive for wildlife surveys because 

they are relatively easy to deploy and allow biologists to extend their 

observations through space and time (Kays et al. 2008).  Hence, designing a 

camera trap survey that accounts for imperfect detection and delivers robust 

quantifiable data on species’ occurrences was not only important for my thesis 

but was important for long-term fauna monitoring at Matuwa IPA.   

The results from Chapter 2, revealed that reliable estimates of occupancy can 

be obtained from cameras set up on roads and that the addition of audio lures 

may not add any additional benefit for detecting dingoes, feral cats and 

macropodids.  Because cameras are often much more difficult and time 

consuming to set up far away from roads and because lures may also require 

additional time and cost to deploy and re-battery, a camera trap survey design 

that uses road deployments and forgoes lures represents a significant cost 

saving while still guaranteeing that quality data can be obtained.  Not only can 

these cost-saving measures be incorporated into the long-term monitoring at 

Matuwa IPA, they are also broadly applicable to any predator monitoring 

program and I emphasize the importance of understanding the movement 

ecology of target species to help inform camera trap designs.  

In Chapter 3, I showed that scat contents analyses offer substantial insight into 

the nature of the relationship between sympatric predators.  However, I also 

showed how uncertainty in scat species origin can lead to inaccurate 

conclusions regarding predator ecology which may ultimately compromise 

wildlife conservation and management efforts.  With this in mind, I developed a 

new framework for reducing uncertainty in scat species origin to confidently 

assign species identifications to scats.  This framework is broadly applicable 

across many systems and species and when employed can yield more 

confident and accurate insights into the nature of predator interactions and 

enable better management outcomes. 

All three data chapters provided important information on the nature of dingo 

and feral cat interactions that can be used to make recommendations for their 

management.  The diet data in Chapter 3 indicated that feral cats are likely to 

pose a higher risk to medium-sized native mammals in the critical weight range 
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for extinction.  Therefore, control of feral cats is likely to provide the most direct 

benefit to these species.  Control of dingoes could also benefit medium-sized 

native mammals through the reduction of predation, but it is arguable that the 

indirect impacts of such control may outweigh the benefits, particularly as it 

could result in the release of rabbit populations from predation.  As both dingoes 

and feral cat diets contain rabbit, the removal of dingoes from the system may 

make rabbits more available to feral cats which could result in increased feral 

cat abundance, putting additional predation pressure on native medium-sized 

native mammals. 

Because of the potential indirect benefits of dingoes on native mammals, a 

predator management strategy for the region could focus on the control of feral 

cats with minimal impact to dingo populations.  Using information on the habitat 

selection preferences of dingoes and feral cats from Chapter 4, it is possible to 

make specific recommendations for how this control strategy should be applied.  

Because poison baits do not discriminate between dingoes and feral cats, their 

use in areas where dingoes and feral cats co-occur could be limited.  These 

baits will be most appropriate in grasslands where dingoes are much less likely 

to occur.  However, in areas where dingoes and feral cats show strong spatial 

overlap, such as on roads or hydrological features and in areas of high 

vegetation cover, additional control techniques are required that are specific to 

feral cats to avoid impact to dingo populations.   

Feral cats are a major threat to global biodiversity and reducing their impacts is 

a major goal of conservation programs worldwide (Doherty, Bengsen & Davis 

2014). By identifying where feral cats are likely to either overlap or segregate 

spatially with apex predators, it is possible to adapt control techniques 

accordingly.  Using control techniques specific to feral cats in areas where they 

overlap with apex predators and more general techniques were they are 

segregated is likely to provide beneficial conservation results and minimize 

surprise outcomes from predator management. 

5.4. Future research directions 

While my research has made significant advance in the understanding of dingo 

and feral cat interactions in arid Australia, some important questions remain.  As 
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mentioned above, I was not able to investigate how the relationship between 

dingoes and feral cats changes with respect to variations in annual rainfall and 

primary productivity.  This is an important research question not only for 

dingoes and feral cats but also for predator interactions in arid ecosystems 

worldwide (Greenville et al. 2014).  The camera trap survey design that I 

developed in Chapter 2 is relatively easy to set up and could be conducted on a 

regular basis at Matuwa IPA to provide data over multiple years.  Such 

continued research could be extremely valuable for understanding how trophic 

interactions vary with respect to productivity and would contribute greatly to the 

larger body of knowledge regarding the interplay between top-down and 

bottom-up processes in arid ecosystems.  

Another important research topic that deserves more specific attention is the 

interaction between dingoes, feral cats and non-native European rabbits.  In 

Chapter 3 I found that, although dingo and feral cat diets differ considerably, 

they shared rabbits as a common prey item.  This suggests that dingoes may 

provide indirect control over feral cats by limiting their access to rabbits and in 

Chapter 3 I discuss how removal of dingoes may negatively impact the native 

prey species of feral cats through the process of hyperpredation.  It has been 

well-documented that rabbits can contribute to the decline or extirpation of 

native fauna by supplementing the diets of non-native predators such as feral 

cats (Courchamp, Langlais & Sugihara 2000).  Understanding whether dingo 

control can cause the hyperpredation of native fauna by feral cats through the 

release of rabbits is an important question to address and would likely have far-

reaching impacts for the management of dingoes in the region and throughout 

arid Australia.  Likewise, this research would be very valuable in the broader 

ecological context for understanding how competition between predators can 

influence trophic interactions. 

5.5. Conclusion 

The thesis provides valuable insight into the spatial interactions and resource 

competition of predators and prey in arid ecosystems.  In doing so, this 

research contributes to the conceptual development of top-down ecology and 

increases the understanding of how apex predators and smaller mesopredators 

relate to one another in their environment.  This work has revealed important 
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implications for management that can be applied to deliver quality cost-effective 

biodiversity conservation to the region.  Future research could build on the work 

presented here by expanding the focus to include longer time scales and to 

investigate additional trophic interactions which are likely to influence both top-

down and bottom-up processes. 
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