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Abstract 

Top predators play important roles in structuring ecosystems and protecting smaller 

biodiversity by suppressing herbivorous prey and smaller predators. This 

suppression is achieved through a combination of lethal (e.g. predation, intra-guild 

killing) and non-lethal (e.g. behavioural, competition) risk effects. Loss of top 

predators can trigger trophic cascades, which may result in detrimental effects on 

biodiversity. Reduced predation and competition by top predators can lead to 

increased abundance of prey and mesopredators, leading in turn to increased 

herbivory and predation on smaller prey species. Restoration of top predators to 

ecosystems is a potential tool for conserving biodiversity and controlling the impacts 

of invasive species. However, long-term manipulative experiments investigating the 

effects of top predators on ecosystems and their impacts on invasive species are 

rare.  

A natural experiment involving the removal of top predators is occurring on the island 

state of Tasmania, Australia, initiated with the extinction of the Thylacine (Thylacinus 

cynocephalus) in the 1930s. Tasmania’s current top predator, the Tasmanian devil 

(Sarcophilus harrisii) has severely declined in the last 25 years due to a novel 

transmissible cancer, devil facial tumour disease (DFTD). Since it was first detected 

in 1996, DFTD has spread to most of the devil’s distributional range, causing an 

overall population decline of 80%, with local declines up to 95%. Field studies 

suggest there has been an increase in abundance of two invasive species at 

different trophic levels, the feral cat (Felis catus) and black rat (Rattus rattus) in 

areas where DFTD has been present for long periods, and this may have caused 

declines in some small and medium-sized mammal species in long-diseased eastern 

Tasmania. There is debate, however, as to whether feral cats have responded to 

devil decline with a change in abundance or behaviour, and the mechanism 

responsible for these changes in cats and black rats is unclear. There is also 

evidence of an increase in ground-foraging behaviour in a native omnivore (the 

common brushtail possum, Trichosurus vulpecula), which is a major prey species for 

the devil, but changes in the distribution and abundance of this species in response 

to devil decline are largely unknown. 
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Concern that the devil may be driven extinct by DFTD led to the assisted 

colonisation of devils to Maria Island, off the east coast of Tasmania to establish an 

insurance population of healthy devils separated from the disease. The island has 

resident populations feral cats, black rats, and common brushtail possums, all of 

which were previously introduced to the island. Also, the island supports several 

species of burrow-nesting seabirds that are potential seasonal prey for all of these 

introduced predators and omnivores. There are no other native or introduced 

terrestrial predators on Maria Island.  

In this thesis, I use the assisted colonisation of devils to Maria Island to test 

hypotheses about the ecological effects of increasing devil abundance on 

populations of feral cats, possums and black rats. A nearby site on the adjacent 

Tasmanian mainland served as a control site for the study, which maintained a very 

low and stable devil population. Further, a second predator-free island was also used 

as a control site for the work on seabirds. The hypotheses that I tested for this study 

were: 

First, that devils would alleviate predation pressure on a resident population of 

burrow-nesting seabirds, the short-tailed shearwater (Puffinus tenuirostris), by 

supressing cats and possums that prey on the species;  

Second, that an increase in devil abundance would reduce the abundance, 

distribution and individual survival of possums;  

Third, devils would either reduce the abundance of both cats and black rats as 

suggested in previous field studies. Or, devils would reduce the abundance of cats, 

and this would in turn result in the predatory release of black rats on Maria Island. 

Key results are as follows. 

Increasing devil abundance was associated with reduced cat and possum activity on 

shearwater colonies. Cat and possum activity declined on the shearwater colony and 

no possums were recorded at the colony when devil abundance was high. Devils 

preyed on possums while avoidance of devils at fine spatial scales seemingly 

decreased the hunting efficiency of cats. However, devils were more adept at killing 

shearwaters than either cats or possums, particularly because of the devils’ ability to 

dig up burrows. Establishment of devils was followed by extirpation of the shearwater 
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colony within four years, rejecting the first hypothesis that devils would alleviate 

overall predation pressure by suppressing cats and possums. Devils competed with 

cats for shearwaters, and at high abundance they may have restored the ‘landscape 

of fear’ for cats and especially possums.  

Devils reduced the abundance and individual survival of possums, resulting in abrupt 

shifts in habitat use to avoid potential conflicts with devils, confirming the second 

hypothesis. Devils killed and ate 50% of the GPS-collared possums that used open 

grassland habitats resulting in reduced possum density in open habitats. Surviving 

possums used structurally complex, dry forest habitats where they could avoid and 

escape predation by devils, thus increasing survival. Overall, possum abundance 

declined on Maria Island as the abundance of devils increased, in contrast to the 

control site where devil abundance was low and both possum and devil abundance 

remained stable throughout the study period. Predatory pressure from devils, 

through direct predation and non-lethal effects of risk of predation, determined the 

abundance and distribution of possums, highlighting the mechanisms and 

importance of predators in structuring ecological communities.  

Increasing devil abundance on Maria Island was associated with reduced abundance 

and recruitment of cats. Cat abundance almost halved on Maria Island as devil 

abundance increased, but remained stable at the control site where devil abundance 

was low and stable. Increasing devil abundance on Maria Island was also associated 

with reduced detection rate of black rats (possibly due to reduced abundance), in 

contrast to the control site where detection of black rats did not change. Hence, this 

result supported the first but not the second part of my hypothesis that suppression 

of the cat population by devils would result in the predatory release of black rats. 

Declines in abundance of both cats and black rats may result from exploitative and 

interference competition with devils for resources, such as seabirds and carrion. 

Devils may prey on kittens and young cats, and non-lethal effects could include 

changes in risk-sensitive behaviours in cats and black rats, such as spatial and 

temporal avoidance of devils.  

Overall, results of this large-scale and long-term manipulative study adds to the 

growing body of evidence that demonstrates the potential for top predator 

reintroductions as a management tool to limit overabundant herbivores and to 
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mitigate the detrimental impacts of invasive predators on biodiversity and ecosystem 

function. The results of the study also highlight the conservation trade-offs that need 

to be considered when introducing a predator to an isolated ecosystem such as an 

island or where they have been absent for a long time.  

 

 

 

 

Waterfall on east coast of Maria Island, Tasmania. Photo: Michael Davis 
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Photo: Tasmanian devil (Sarcophilus harrissi) on Maria Island, Tasmania  
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The ecological role of top predators in ecosystems 

Top predators (often also referred to as ‘apex predators’) are defined by their 

position at the top of the food web. That is, they prey on other species, but are not 

themselves preyed upon by any other species. The earliest and best-known 

evidence for the dynamic influence of top predators in food webs is from aquatic 

systems and shallow subtidal coastal marine ecosystems (Estes et al. 1998; 

Hairston et al. 1960; Paine 1966). Among vertebrates, top predators are typically 

larger than other carnivores (Ritchie and Johnson 2009). Also, they are often 

specialised for capturing large prey and for feeding on other vertebrate species, 

excluding invertebrates. The trophic position of top predators means that their 

populations are limited not by predation, but by availability of food resources in the 

form of populations of their prey. As a result, population size in top predators is in 

general able to increase up to the point where they significantly reduce the 

abundance of their prey.  

Because of their trophic position, top predators can have significant effects on the 

structure of ecosystems. In many cases, top predators limit the population size of 

prey species: for example, in boreal forests in North America direct predation limits 

populations of snowshoe hares (Krebs et al. 1995). By limiting populations of 

herbivores, top predators can have large effects on the structure and composition of 

vegetation, which in turn affects other species (Ripple et al. 2016). Top predators 

also affect the structure and dynamics of ecosystems by limiting populations of 

smaller predators, defined as ‘mesopredators’, (Crooks and Soulé 1999) because 

they are subject to predation by other carnivores. Top predators may limit 

mesopredators through a combination of effects of predation (sometimes referred to 

as ‘intraguild predation’ (Holt and Polis 1997) and competition (Bruno and Cardinale 

2008; Pace et al. 1999; Ripple et al. 2014). Competition may take the form of 

exploitation competition, in which the top predator affects the mesopredators 

indirectly by consuming resources that would otherwise be available to the 

mesopredators. Interference competition involves harassment of the mesopredator 

by the top predator (termed ‘interference competition’) (Creel 2001; Creel and Creel 

1996; Palomares and Caro 1999). For example, in Africa both lions (Panthera leo) 

and spotted hyenas (Crocuta crocuta) can suppress populations of the smaller wild 
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dog (Lycaon pictus) through intraguild predation and interference competition, 

respectively (Creel and Creel 1996). Interference competition between top predators 

and mesopredators can potentially have stronger effects than exploitation 

competition, because it is often lethal: top predators may deliberately kill 

mesopredators, even if they do not consume them. For example, European lynx 

(Lynx lynx) in Sweden kill foxes but typically leave their bodies uneaten; attacks by 

lynx are evidently responsible for a rate of decline of a fox population by 10% per 

year in a region with an increasing lynx population (Helldin et al. 2006). 

In response to the risks posed by top predators, smaller predators and prey may 

adopt risk-sensitive behaviours to reduce the chance of encountering their larger and 

more dangerous enemies (Lima 1998, 2002; Schmitz and Suttle 2001). This can 

consist of avoidance of ‘risky’ sites or habitats, whereby mesopredators and other 

prey navigate a “landscape of fear” that varies spatially and temporally with the level 

of risk of predation or interference competition (Laundre et al. 2001). Alternatively, 

other behaviours such as increased vigilance (Brown 1999) or shifts in temporal 

activity (Koh et al. 2018) can help avoid potential lethal conflicts with predators. The 

non-lethal risk effects imposed by predators may ultimately have high behavioural 

and fitness costs, that may even surpass the costs of direct lethal effects (Creel and 

Christianson 2008; Preisser and Bolnick 2008; Preisser et al. 2005).  

The suppressive effects of top-down consumption or competition imposed by top 

predators may be modified by bottom-up influences (e.g. primary productivity) and 

increasing anthropogenic activity which may influence the reproductive output of 

herbivore prey species (Dorresteijn et al. 2015; Elmhagen et al. 2010; Elmhagen and 

Rushton 2007; Owen-Smith et al. 2005). Effects of these bottom-up influences may 

then flow up through the food web and influence predator abundance. For example, 

the recolonization by the two top predators wolves (Canis lupus) and European lynx 

into Sweden has been shown to suppress populations of red foxes (Elmhagen and 

Rushton 2007). However, the strength of these interactions is diminished in 

environments with lower productivity or increasing agricultural activity (Elmhagen 

and Rushton 2007). Overall, this suggests that a complex combination of bottom-up 

and suppressive top-down effects by larger predators can structure and maintain 

predator-mediated trophic cascades, defined as indirect species interactions that 



17 
 
 

originate with predators and spread downward through food webs (Ripple et al. 

2016).  

Top predators are rapidly declining around the world, due to the combined effects of 

human persecution, overexploitation and habitat loss (Estes et al. 2011). Their loss 

can trigger trophic cascades resulting in increased abundance of prey (herbivores) or 

mesopredators (termed mesopredator release) with detrimental impacts on 

ecosystems (Crooks and Soulé 1999; Prugh et al. 2009; Ripple and Beschta 2012; 

Ritchie and Johnson 2009; Terborgh et al. 2001). In the USA, declines in grey 

wolves (Canis lupus) resulted in increased populations of ungulates and consequent 

over-browsing of vegetation. Declines in West African lion (Panthera leo) and 

leopard (Panthera pardus) populations coincided with an increase in olive baboon 

(Papio anubis) abundance, with cascading effects (Ripple et al. 2016) on native 

ungulate and primate populations (Brashares et al. 2010). Field studies have 

demonstrated that ecosystems without top predators are less resilient and maintain 

lower biodiversity, factors which may leave them more open to invasion by exotic 

species (Bruno and Cardinale 2008; Estes et al. 2011; Hollings et al. 2015; Wallach 

et al. 2010). Species that become invasive commonly have greater adaptability to 

changing environmental conditions and disturbances where they may take 

advantage of newly available resources, free from competition due to the loss of top 

predators (Marvier et al. 2004). Invasion of novel environments by introduced 

species can then have further detrimental effect on ecosystem biodiversity. The 

impact of invasive species is a major contributor to the current extinction crisis (Sala 

et al. 2000).  

Because of the threat posed by invasive species, there is growing interest in 

restoring top predators as a method of enhancing ecological resilience and limiting 

the impacts of invasion (Derham et al. 2018; Ritchie et al. 2012; Wallach et al. 2010). 

Studies investigating the effects of top-predator introduction on ecosystems are rare 

and those that demonstrate benefits of larger predators in limiting the impacts of 

invasive species, particularly invasive predators, are few. One of the best examples 

comes from Australia where the dingo (Canis lupus dingo) has been shown to 

suppress both invasive red foxes (Vulpes vulpes) and feral cats (Felis catus), with 

subsequent benefits to native mammal species (Feit et al. 2019; Johnson et al. 2007; 
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Letnic et al. 2011; Letnic et al. 2012; Moseby et al. 2012). A few other studies 

demonstrate the potential for top predators to enhance biodiversity, including through 

limiting invasive species. Recolonisations of top predators into their former ranges in 

North America and Europe have provided further case studies demonstrating the 

potential benefits to ecosystems including limiting invasive species. In Finland, 

recolonisation by the white-bellied sea eagle (Haliaeetus leucogaster) may have 

reduced the impacts of invasive American mink (Neovison vison), benefitting native 

prey species (Salo et al. 2008). In North America, coyotes (Canis latrans) limit the 

abundance of feral cats in turn increasing songbird diversity (Crooks and Soulé 

1999). One of the best-studied cases of ecological benefits following predator 

reintroduction, in this case in limiting browsing damage from over-abundant native 

herbivorous prey, is the reintroduction of grey wolves into the Greater Yellowstone 

ecosystem, where they in-part reduced populations of their primary prey, elk (Cervus 

elephus) (Ripple and Beschta 2012).  

Australia’s top terrestrial predators 

The dingo was introduced to mainland Australia around 3500 years ago (Johnson 

and Wroe 2003). Dingoes probably coexisted briefly with the other top mammalian 

predators, the thylacine (Thylacinus cynocephalus) and the Tasmanian devil 

(Sarcophilus harrisii), until both were extirpated from the mainland ~ 3500 years ago 

(White et al. 2018). Extinction of the devil and thylacine was likely a result of a 

synergy between a climate event, increased frequency and severity of drought 

periods due to the El Nino-Southern Oscillation (Brüniche–Olsen et al. 2018), which 

may have severely reduced populations, exacerbated by increased hunting and 

competitive pressure by Aboriginal people (Johnson and Wroe 2003) and intraguild 

competition with dingoes (Brown 2006; Letnic et al. 2012).  

In the present day, dingoes are heavily persecuted in most parts of the Australian 

mainland due to their impacts on livestock (Fleming et al. 2001). The most extreme 

example of this is their heavy persecution in south-eastern Australia via a ‘dingo 

fence’ and intensive baiting and trapping programs (Fleming et al. 2001; Glen and 

Short 2000). While studies suggest that dingoes provide ecological benefits by 

limiting the impacts of invasive predators and regulating populations of native and 

invasive herbivores (Caughley et al. 1980; Letnic et al. 2012; Morris and Letnic 2017; 
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Pople et al. 2000), restoration of the dingo into areas of Australia, including the south 

east, remains contentious (Allen et al. 2017; Hayward et al. 2015; Newsome et al. 

2015). As a result, there is growing interest in restoring the smaller Tasmanian devil 

to mainland Australia to potentially assist in limiting the impacts of invasive species 

and controlling overabundant herbivores (largely Macropus spp.) (Derham et al. 

2018; Hunter et al. 2016; Ritchie et al. 2012; Sweeney et al. 2019). 

Tasmania’s top predator, the Tasmanian devil  

The Tasmanian devil is the world’s largest (5-14 kg) surviving marsupial carnivore, 

now restricted to the island state of Tasmania (Jones et al. 2007). In Tasmania, the 

devil is now Tasmania’s top terrestrial and mammalian predator since the extinction 

of the larger thylacine ~ 85 years ago (Hollings et al. 2014). The native spotted-tailed 

quoll (Dasyurus maculatus; 0.9-5 kg) and invasive feral cat (2-5 kg) are similar sized 

mesopredators, while the native eastern quoll (D. viverrinus; 0.7-1.1 kg) is the 

smallest mesopredator within the terrestrial predator guild in Tasmania (Jones 

2003b).  

Devils are solitary nocturnal predators, with overlapping home ranges and can 

maintain high population densities of up to ~ 2.9 individuals per km² (Guiler 1970; 

Hawkins et al. 2006; McCallum et al. 2009). Devils have specialised morphological 

adaptations for scavenging, with robust dentition and massive jaw musculature well 

adapted to crushing and grinding bone (Attard et al. 2011; Guiler 1970; Jones 

2003a). Devils kill and scavenge a broad range of prey, from small frogs and insects 

(0.01 kg) to large macropods (>7 kg) (Andersen et al. 2017a; Owen and Pemberton 

2011; Pemberton et al. 2008; Pemberton and Renouf 1993). Devils are 

morphologically and behaviourally pounce-pursuit hunters (Jones 2003a) that prefer 

to forage along linear features such as forest-grassland ecotones where they can 

intercept macropod prey moving from daytime refuges to nocturnal grazing areas 

(Andersen et al. 2017b).  
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Tasmania’s natural experiment 

For more than two decades, a natural experiment involving devils has been unfolding 

in Tasmania due to a fatal transmissible cancer, devil facial tumour disease (DFTD). 

Since it was first detected in 1996, DFTD has spread across more than two thirds of 

the devil’s distribution and has resulted in an overall 85% population decline in 

Tasmania, with local declines of up to 95% (Hawkins et al. 2006; Lazenby et al. 

2018; McCallum et al. 2009). Transmissible cancers such as DFTD are unusual in 

that the infective agent is a live tumour cell, in which transmission relies on direct 

injurious contacts (McCallum and Jones 2012). Transmission is linked to devil 

behaviour and agonistic interactions, where injurious biting occurs primarily during 

mating interactions and provides a route for direct transmission of live tumour cells 

(Hamede et al. 2008; Hamede et al. 2013; Pearse and Swift 2006). The life 

expectancy of an infected devil is usually less than six months from the clinical 

appearance of a tumour (Hawkins et al. 2006), although it can be as long as 18 

months at some sites (Hamede et al. 2012) and some individuals are able to mount 

an immune response to the tumour, leading to tumour regression and recovery (Pye 

et al. 2016). DFTD can result in rapid population declines which are evident within 3 

years of first detection (Hollings et al. 2014).  

This population decline of devils has resulted in changes within Tasmania’s mammal 

fauna assemblage. The most contentious reported change has been an apparent 

response of feral cats to devil decline. From a long-term spotlighting data set (1985-

2008) spanning Tasmania, Hollings et al. (2014) showed an increase in cat 

detections in areas of long-term devil decline, particularly in the north-east where 

DFTD was first detected. A second study, using hair-traps, showed higher cat and 

also black rat (Rattus rattus) detections in areas of long-term devil decline. This 

suggested there had been a fundamental shift to an invasive-dominated state in 

ecosystems from which devils had been functionally lost (Hollings et al. 2015). On 

the other hand, using camera traps, Fancourt (2015) did not find an increase in cat 

detections in areas of long-term devil decline. However, this study was conducted at 

sites that had already been exposed to DFTD for 5-16 years, limiting the ability to 

detect changes (Hollings et al. 2015). Fancourt (2015) suggested that the increase in 

cat detections found by Hollings et al. (2014) was a behavioural rather than a 
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demographic response by cats which had increased their nocturnal activity in the 

absence of devils. However, Cunningham et al. (2019), using a larger data set 

including data from this study on Maria Island (see Appendix C), demonstrated that 

any change in temporal activity was small in response to declining or increasing devil 

abundance in Tasmania, suggesting the increase in nocturnal spotlight detections of 

cats was not caused by a shift in temporal activity following decline of devils, as 

proposed by Fancourt et al. (2015). 

Both black rats and feral cats are among the world’s 100 most invasive species 

(Doherty et al. 2016; Lowe et al. 2000). Cats have been present in Tasmania since 

1803 (Abbott 2002) and may be responsible for sparse and small mammal 

populations in areas of long-term devil decline (Fancourt et al. 2015; Hollings et al. 

2015), and possibly the extinction of a small native rodent (Lazenby 2009). In these 

areas, black rats may also support high abundances of cats (Hollings et al. 2015) 

and facilitate “hyperpredation” which may lead to increased predation and 

competition with native fauna (Banks and Hughes 2012; Courchamp et al. 2000; 

Ringler et al. 2015). To date, there have been no manipulative studies investigating 

the impacts of devils on the abundance and distribution of both cats and black rats 

and the current evidence is correlative. 

In areas of long-term devil decline, there has also been an increase in ground-

foraging behaviour of a native prey species, the common brushtail possum 

(Trichosurus vulpecula) (Hollings et al. 2015). Increased and expanded herbivory by 

possums could potentially affect the structure and composition of vegetation, and 

further influence avian communities (Garnett et al. 1999; Nugent 1995). The effects 

of devil decline on the abundance and distribution of common brushtail possums in 

Tasmania is largely unknown (Hollings et al. 2015). Brushtail possums are typically 

arboreal folivores but they can forage extensively on the ground and be omnivorous, 

preying on birds, consuming eggs and are also known to scavenge on carrion (Jones 

1995). In other areas where common brushtail possums have been introduced and 

lack large predators, such as New Zealand, they reach high densities and become 

more omnivorous (consuming bird eggs, chicks and carrion) and have significant 

impacts on vegetation and avian communities (Brown et al. 1993; Innes 1995; 

James and Clout 1996).  
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Introduction of devils to Maria Island National Park 

In response to fears that the devil could go extinct in its native range on mainland 

Tasmania (McCallum et al. 2009), the Tasmanian state government’s  Save the 

Tasmanian Devil Program established an insurance population of wild-living, 

disease-free devils on Maria Island, off south-east Tasmania (Thalmann et al. 2016; 

Wise et al. 2016). This introduction of devils is classed as an ‘assisted colonisation’ 

(IUCN/SSC 2013) rather than a reintroduction because although devils are likely to 

have occurred on Maria Island when it was connected to the Tasmanian mainland 

before sea level rise around the beginning of the Holocene (~11,500 years before 

present) (Lambeck & Chappell 2001), they had not been recorded there in recent 

history. In 2012/3, 28 Tasmanian devils were translocated to Maria Island (Wise et 

al. 2016). The carrying capacity of devils on Maria Island was estimated to be ~ 80-

125 animals (Jones et al. 2007). 

Maria Island (~100 km²) lies 4 km off the east coast of Tasmania (Fig. 2). and has 

been managed as a National Park since 1972 (Rounsevell 1985) (Fig. 2). A small, 

permanently staffed ranger station, along with convict-era buildings used for visitor 

accommodation and facilities, located at Darlington in the northern part of the island, 

are the only infrastructure on the island. The only vehicular traffic are vehicles used 

by Park rangers (Rogers et al. 2016). Three Park rangers are usually based on the 

island at any given time (Thalmann et al. 2016) and all rubbish is removed from the 

island.  

Before Maria Island was established as a National Park, it had a complex history of 

changing land use and species introductions. The island has been explored 

extensively by Europeans and development has occurred since the first arrival of 

sealers and whalers in 1805 (Plomley et al. 1990). Maria Island naturally supported 

low abundances of native terrestrial mammals (Rounsevell 1985). Reliable records 

exist for the Tasmanian pademelon (Thylogale billardierii), long-nosed potoroo 

(Potorous tridactylus), ring-tailed possum (Pseudocheirus peregrinus), short-beaked 

echidna (Tachyglossus aculeatus),  swamp rat (Rattus lutreolus), water rat 

(Hydromys chrysogaster) and pygmy possum (Cercartetus Lepidus) (PWS 1998; 

Rounsevell 1985; Wakefield 1962).  
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Europeans used the island as a penal settlement from 1825-1850 and introduced 

cats and black rats during that time (Wakefield 1962). From the 1850s Maria Island 

was used for light industry and land was cleared for mixed agriculture. Industry 

ceased in the 1930s but land clearing continued as the island was used extensively 

for pastoralism (largely sheep grazing (Ovis aries) from the 1950s. Common brushtail 

possums were introduced in the 1950s by a local resident but there is no historical 

record of them occurring on the island previously (Rounsevell 1985; Wakefield 

1962). Maria Island was included within the Tasmanian reserve system in 1965 and 

while pastoralism ceased, the western part of the north island still contains areas of 

grassland that were historically cleared of forest which make up ~ 5.5 % of the land 

area today (PWS 1998). These open grasslands support populations of introduced 

grasses and herbivore species, which occur at low density and maintain the 

grasslands in an open condition (Guiler 1999; Ingram 2018; PWS 1998).  

From the mid-1960s until 1971, further wildlife species were released onto Maria 

Island, both to establish a secure reserve for thylacines if any could be captured and 

as a conservation measure for other threatened wildlife species (Ludeke 2005). 

Introduced herbivore species included the Flinders Island subspecies of the bare-

nosed wombat (Vombatus ursinus), forester kangaroos (Macropus giganteus), and 

Bennett’s wallabies (Macropus bennettianus). Additional Tasmanian pademelons 

and common brushtail possums were also introduced along with ground-nesting bird 

species including Cape Barren Geese (Cereopsis novaehollandiae) and Tasmanian 

native hens (Tribonyx mortierii) (Guiler 1999). All these species frequently graze in 

the open grassland paddocks on Maria Island (Guiler 1999; Ingram 2018). The 

island is also occupied in summer by breeding populations of two ground-nesting 

seabirds, which occur there naturally: the short-tailed shearwater (Puffinus 

tenuirostris; hereafter ‘shearwater’) and little penguin (Eudyptula minor; hereafter 

‘penguin’) (Brothers et al. 2001; PWS 1998; Skira et al. 1996).  

Although many species have historically been introduced to Maria Island, it now 

represents a subset of terrestrial herbivore fauna found in the devil’s native range on 

the Tasmanian mainland. All these herbivore species are potential prey for devils, 

particularly Tasmanian pademelons and common brushtail possums (Andersen et al. 

2017a; Jones and Barmuta 1998; Pemberton et al. 2008).  
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Ground-nesting seabirds also co-exist with devils on the Tasmanian mainland (Skira 

et al. 1996) but may be opportunistic prey of devils in coastal habitats (Pemberton et 

al. 2008). Conversely, cats and black rats are well documented predators of 

seabirds, including shearwaters (Bonnaud et al. 2009; Hervías et al. 2013; Keitt and 

Tershy 2003). Recent research has found that possums also prey on both adult and 

chick shearwaters (Scoleri. pers obs) and black rats are important prey for cats on 

Maria Island (STDP 2019).  

Thesis aims and outline  

The assisted colonisation of devils to Maria Island to establish a wild, free-living 

population provided the opportunity to conduct a long-term manipulative experiment 

investigating the impacts of introducing a top predator into an ecosystem 

representing a subset of flora and fauna found in its native range. In this thesis, I 

utilise this rare opportunity to test several hypotheses about the influence of an 

increasing population of devils on the wildlife community of Maria Island. I focus 

especially on the effects of devils on other predators on the island, and on species 

that are prey of devils or other predators or both. Understanding the various direct 

and indirect mechanism(s) by which top predators may limit the abundance and 

impacts of invasive and potentially problematic species is critical if top predators are 

to be used as a tool in ecosystem restoration.  

In Chapter 2, I assessed whether the introduction of devils increased total predation 

on a species (the short-tailed shearwater) or reduced predation on that species by 

suppressing mesopredators. I hypothesised that devils would suppress the activity of 

cats and possums at the shearwater colony on Maria Island, through interference 

and exploitative competition, and that this could potentially alleviate predation 

pressure on shearwaters (Fig.2.1). My observations showed that before devil 

introduction, the main shearwater breeding colony on Maria Island was subject to 

predation by both possums and cats and, probably as a result, was small and may 

have been in long-term decline. I used camera traps to measure predator activity on 

shearwater colonies and surveyed the burrow occupancy of adult and chick 

shearwaters over a 4-year period following devil introduction. A colony on a nearby 

island without terrestrial predators served as a control site. The small colonies 
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provided a unique study area to investigate the mechanisms by which an introduced 

top predator could influence a pre-existing predator-prey system.   

In Chapter 3, I tested the hypotheses that devils would reduce the survival and 

abundance of possums on Maria Island. I hypothesised that devils would cause a 

reduction of the possum population in open habitats (Fig 1), whereas possums in 

forests, especially wet forests (more structurally complex), would be less affected 

because possums living in open habitats would be more easily killed by devils.  

 

Figure 1. Example of open grassland habitats on Maria Island, Tasmania that were used during 

this study. Photo: V. Scoleri  

The result of this habitat-specific effect of devils would be a combination of reduced 

abundance and contraction of possum distribution on Maria Island. I tested these 

hypotheses using GPS-tracking on a small population of possums living in an area of 

mixed open grassland and dry forest to measure the rate at which devils killed 

possums and to assess whether mortality risk of possums was affected by individual 

habitat use (in particular, whether individuals had access to forest). Further, I used 

distance sampling and camera traps to monitor densities and detections of possums 

in open grassland habitats as devils increased in abundance. I also distributed 

camera traps across the whole island and a similar control area on the adjacent 

Tasmanian mainland (Fig. 2) to monitor changes in relative abundance over the 

three main habitat types of open grassland (Fig. 1), dry forest and wet forest on 

Maria Island.  
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Figure 2. (1). Expected interactions and suppressive effects (A), (B) between invasive and 

native species that will be investigated during this study following the assisted colonisation 

and increasing abundance of Tasmanian devils on Maria Island. The adjacent ‘control’ site 

maintains a low and stable devil abundance. Suppressive effects are either (A) Lethal (e.g. 

predation) or (B) non-lethal (e.g. exploitative competition) or combinations thereof.  (2). Map of 

Maria Island and the adjacent control site located on the east coast of Tasmania, Australia 

(inset).  

In Chapter 4, I tested two plausible hypothesises. Firstly, that devils could reduce the 

abundance of invasive predators at two trophic levels: the feral cat, and the black rat 

which is both a predator and omnivore as well as being a major prey species of feral 

cats. Secondly, devils may limit the abundance of cats, which could in turn result in 

the predatory release of black rats. I used the same camera traps on Maria Island 

and a control site on the adjacent Tasmanian mainland (Fig.2) to identify individual 

cats from camera images and quantify changes in cat abundance over a 5-year 

period, as the devil population increased on Maria Island. Camera images of rats 

were also used to provide an index of abundance at both sites. This multi-year 

manipulative study provided the first experiment investigating the impacts of native 

top predators on two invasive species at different trophic levels.  

Finally, in Chapter 5, I synthesised my findings and discuss the trade-offs of 

introductions of predators for conservation, implications for predator restorations and 

directions for future research.   
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Chapter 2: Conservation trade-offs: 

Island introduction of a threatened 

predator suppresses invasive 

mesopredators but eliminates seabird 

colonies 

 

Photo: Devil, feral cat and common brushtail possum on the shearwater colonies on Maria 

Island, Tasmania  
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Abstract 

Offshore islands are ideal for establishing insurance populations of endangered 

species as they often lack threatening processes found on mainlands. However, 

introductions of endangered predators can have complex effects on island species. 

The Tasmanian devil (Sarcophilus harrisii) was introduced to Maria Island in 

Tasmania, Australia in 2012 to establish an insurance population separate from a 

novel disease causing declines throughout its native range. Maria Island has small 

breeding colonies of the short-tailed shearwater (Puffinus tenuirostris) that are 

preyed on by an invasive mesopredator (feral cat, Felis catus) and an introduced 

native omnivore (common brushtail possum, Trichosurus vulpecula). We tested 

whether the introduction of devils increased predation pressure on shearwaters or 

reduced it by suppressing cat and possum activity. We measured predator activity on 

shearwater colonies, and surveyed burrow occupancy of shearwater adults and 

chicks, from 2013-2016; we also monitored shearwaters at a colony on a nearby 

island without terrestrial predators for comparison. Increasing devil activity was 

associated with decreasing total predator activity at shearwater colonies on Maria 

Island due to declines in possum and cat activity, evidently caused by predation on 

possums by devils, and competition with cats. However, shearwater colonies 

continued to decline, reaching zero occupancy within four years of devil introduction. 

Because of their larger size and ability to dig, devils had greater impacts on nesting 

shearwaters than either cats or possums. Conservation translocations of 

endangered predators must consider trade-offs between their protection and 

potential impacts on non-threatened native prey species.  
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Introduction  

Offshore islands can serve as important refuges for threatened species because 

they often lack threats found on continents (Abbott 2000). Therefore, insurance 

populations of threatened species can be established by introducing them to islands 

outside of their native range . Species introduced to islands are often prey species 

threatened by invasive predators on mainlands (Miskelly and Powlesland 2013). 

However, many predators also face extinction and could be introduced to islands to 

establish insurance populations. Such introductions could have large effects on the 

indigenous faunas of islands, because predators interact strongly with other species. 

Their introduction to naïve ecosystems can affect populations and behaviour of other 

predators and prey through a combination of lethal and non-lethal effects (Creel and 

Christianson 2008; Preisser et al. 2005; Ripple and Beschta 2004).  

Lethal effects of top predators include the killing and eating of prey or killing of other 

predators. The killing of other predators by top predators is often described as 

‘intraguild predation’ but is an aggressive form of interference competition in which 

the carcass of the killed predator may or may not be eaten (Ritchie and Johnson 

2009). Non-lethal effects of predators result when prey and smaller predators 

(termed mesopredators) adopt risk-sensitive behaviours to avoid encountering them 

(Crooks and Soule 1999; Lima and Dill 1990; Prugh et al. 2019). For example, prey 

and mesopredators may increase their vigilance (Brown 1999), alter their habitat use 

(Fortin et al. 2005) or shift their diel activity (Brook et al. 2012) to avoid predators. 

Adopting these risk-sensitive behaviours may impose costs on individual fitness such 

as reduced growth and development (Benard 2004) and lower reproductive output 

(Preisser et al. 2005), ultimately affecting population growth and community structure 

of both mesopredator and prey species (Preisser and Bolnick 2008; Preisser et al. 

2005).  

The detrimental and complex impacts of introduced predators on island ecosystems 

are well known (Blackburn et al. 2004; Burbidge and Manly 2002; Courchamp et al. 

2003). Predators introduced to offshore islands, such as feral cats (Felis catus), 

stoats (Mustela erminea), mongooses (Herpestes spp.), rats (Rattus sp.) and arctic 

foxes (Alopex lagopus), have resulted in the collapse of food webs (Russell 2011; 

Thoresen et al. 2017) and shifts in ecosystems to alternative states (Croll et al. 
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2005). However, in some cases, top predators may also alleviate predation pressure 

on shared prey species by limiting the abundance and impacts of mesopredators. 

For example, on Tatoosh Island, Washington, peregrine falcons (Falco peregrinus) 

provide a net benefit for some seabird species by preying on crows (Corvus 

caurinus), which also prey on seabirds (Paine et al. 1990). 

Tasmania’s top predator, the Tasmanian devil (Sarcophilus harrisii) (hereafter ‘devil’) 

has declined by approximately 80% in the last two decades because of a novel 

transmissible cancer, Devil Facial Tumour Disease (DFTD) (Lazenby et al. 2018), 

and is now listed as Endangered. In response, devils were introduced to Maria Island 

off Tasmania, Australia, in 2012-2013 to establish a wild population isolated from the 

disease (Wise et al. 2016). Devils presumably occurred on Maria Island when it was 

connected to the Tasmanian mainland before sea level rise around the beginning of 

the Holocene (Lambeck and Chappell 2001) but had not been recorded there in 

recent history. 

Maria Island also has populations of two introduced mesopredators: feral cats 

(hereafter ‘cats’) and common brushtail possums (Trichosurus vulpecula) (hereafter 

‘possums’), along with a diverse assemblage of introduced and natural prey 

populations. One of the prey species is the short-tailed shearwater (Puffinus 

tenuirostris) (hereafter ‘shearwater’), a seabird that occurs seasonally in two small 

breeding colonies on the island. Cats are well-documented predators of shearwaters, 

killing and eating both adults and chicks (Bonnaud et al. 2009; Hervías et al. 2013; 

Keitt and Tershy 2003). Possums are typically arboreal folivores but can also be 

omnivorous, with a broad foraging niche that includes preying on birds (Brown et al. 

1993; Garnett et al. 1999; Heinsohn and Barker 2006). Our early research on Maria 

Island found that possums prey on both adult and chick shearwaters. Devils coexist 

with shearwaters on mainland Tasmania (Skira et al. 1996) and may 

opportunistically prey on them in coastal habitats (Pemberton et al. 2008).      

We measured the impact of the introduction of devils to Maria Island on the two 

resident predator populations and the shearwater colonies that provide some of their 

prey. Before devil introduction, this predator-prey system was a simple one in which 

two predators affected one prey species (Fig 1A). There is no evidence that cats kill 

and eat possums on Maria Island or Tasmania. Therefore, devil introduction was 
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expected to create a more complicated three-predator system with the potential for 

strong effects of devils on cats, possums or both, as well as on shearwaters. We 

hypothesised that these effects could resolve as indirect benefits for shearwaters if 

devils reduced the activity of cats and possums in the shearwater colonies such that 

total predation pressure on shearwaters was lower in the presence of devils (Fig 1B). 

Alternatively, if the predatory effects of devils on shearwaters were high, they could 

over-ride any such benefit and increase total predator pressure on these colonies.  

 

Figure 1. (A) Known negative interactions (solid arrows) between shearwaters and possums 

and cats before devil introduction on seabird colonies on Maria Island, Tasmania. (B). 

Expected interactions (dashed arrows) at seabird colonies between devils, cats and possums 

following devil introduction to Maria Island. Lethal effects of cats and possums on 

shearwaters were expected to decrease.  

Materials and methods 

Study area 

Maria Island (9,672 ha) lies off the east coast of Tasmania and is managed as a 

National Park (Fig. 2). It supports mostly sclerophyll forest dominated by Eucalyptus 

obliqua, E. globulus and E. viminalis, except for some low-lying areas cleared for 

livestock pasture, which now cover 5.5 % of the island (PWS 1998).  

The island was used as a penal settlement from 1825-1850 when cats and black rats 

(Rattus rattus) were introduced. Possums, which are native to Australia and 
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Tasmania, were not historically present on Maria Island. Records suggest they were 

introduced to the island in the 1950s and again in 1971 (Rounsevell 1985; Wakefield 

1962). Other mammalian herbivores native to Tasmania and introduced to Maria 

Island include common bare-nosed wombats (Vombatus ursinus), forester 

kangaroos (Macropus giganteus), Bennett’s wallabies (Macropus bennettianus) and 

Tasmanian pademelons (Thylogale billardierii) (Rounsevell 1985). These species are 

most common in cleared pasture. Devils, the latest species to be introduced, prey on 

most of these herbivores (Andersen et al. 2017; Rogers et al. 2016).   

Maria Island is occupied in summer by breeding populations of two seabirds: 

shearwaters and little penguins (Eudyptula minor, hereafter ‘penguins’). Devils 

coexist with both these seabird species on mainland Tasmania (Skira et al. 1996). 

Shearwaters are abundant in southern Tasmania and have been historically present 

on Maria Island (Rounswell et al. 1977). They are seasonal migrants that arrive in 

late September. Adults dig nesting burrows where they lay a single egg between late 

November and early December (Skira 1991). Shearwaters do not necessarily use 

the same burrow each year and new burrows may be dug depending on burrow 

availability. After hatching, the chick remains in the burrow while its parents alternate 

foraging trips and chick attendance until they depart in early April (Skira 1991), 

leaving the chick alone to develop flight capability before it departs by early May.   

We studied three breeding colonies of shearwaters: two ‘impact’ sites and one 

‘control’ site. The ‘impact’ sites on Maria Island, Point Leseuer (PL) and No Good 

Bay (NGB), were exposed to devils, cats and possums and are the only shearwater 

colonies on the island (see Fig. 2). PL is at the end of a peninsula and is surrounded 

by cleared open grasslands. The availability of flowering plants, grasses and soft soil 

(for digging burrows) make it favourable for herbivore species. In contrast, NGB lies 

at the far southern end of the island in steep and rugged terrain; herbivores are less 

abundant. The ‘control’ site, Ile Du Nord (IDN), is a small island 500 m off the 

northern end of Maria Island with no mammalian predators, apart from low numbers 

of native water rats (Hydromys chrysogaster) that did not prey on shearwaters. IDN 

was monitored to control for possible effects on burrow occupancy by shearwaters of 
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climate and seasonal conditions, which should have been similar for IDN and Maria 

Island.  

Figure 2. Location of Maria Island and its shearwater colonies. Point Leseuer (PL) and No 

Good Bay (NGB) are the impact sites (predators present) while Ile Du Nord (IDN) represents 

the control site (no predators). Inset shows the location of Maria Island on the east coast of 

Tasmania, Australia. 

Survey design 

Predator activity on seabird colonies 

Camera traps were deployed at all three sites to monitor the activity of mammalian 

predators for a six-week period between March 9th and April 19th each year from 

2013 to 2016. This period included two post-hatching stages in the shearwater 

breeding cycle: (1) “high” presence of adult breeding birds in the colony (weeks 1 - 3) 

when chicks are in their burrows and (2) “low” presence of adult birds in the colony 

(weeks 4 - 6) when adults have mostly departed but chicks are active outside their 

burrows, exercising their wings in preparation for flight.   

Ile du Nord 
(IDN) 

Point Leseuer 
(PL) 

No Good Bay 

(NGB) 

Tasmania 
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Twenty Reconyx (Wisconsin, USA) cameras (PC800 and PC600) were positioned 

(minimum spacing 3 m) throughout each of the area-restricted colonies to maximise 

detections of predators and shearwaters. Camera placement allowed a consistent 

sub-sample of predator activities, including predation events, to be made across 

years. Individual cameras could not be considered independent due to the small 

area of the colonies. Hence, detections on all cameras were pooled to give a 

measure of activity for each predator species as total detections per night. Cameras 

were fixed to wooden stakes at a height of 0.75-1 m and set to take three pictures at 

one-second intervals per trigger, with no delay between triggers. 

Killings and disturbance events of chick and adult shearwaters were recorded for 

devils, cats and possums throughout the same six-week period from 2013 - 2016. 

Disturbance events were defined as incidents where an adult or chick was 

approached, chased, touched or attacked and bitten by a predator. In all these 

cases, the adult or chick disappeared from the view of the fixed camera, so the 

outcome of the interaction was unknown. Events affecting adults and chicks were 

pooled because shearwater age could not be clearly distinguished in all images. 

Burrow occupancy of shearwaters 

Burrow occupancy by either an adult shearwater or chick was assessed in a 

minimum of 110 burrows monitored twice during the breeding season, in December 

(post-laying, pre-hatching) and April (pre-fledging) at PL and IDN from 2012 to 2016 

inclusive. Burrows were sampled at random each year from all known burrows in 

each colony. An initial survey of burrow occupancy at NGB during the 2012/13 

breeding season found no shearwaters. Due to logistical difficulties, this colony was 

not re-surveyed until December 2015 but camera traps were still deployed each year 

to assess predator activity. 

To maximise the chance of detecting a breeding bird sitting on an egg and to 

exclude non-breeding birds, monitoring took place shortly after the three-day egg-

laying period in early December. The April survey took place when chicks were at 

their largest and highly active, spending much time at night outside their burrows 

exercising their wings before departing in early May. Occupancy rates are the 

number of burrows occupied by an adult (December) or chick (April) expressed as a 

percentage of all burrows surveyed.  
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Monitoring of burrows for adult or chick occupancy was conducted during daylight 

hours using a combination of 1) feeling for a bird at arms-length and 2) for longer 

and convoluted burrows, using a 1-m wire probe with a blunted tip. The probe was 

moved slowly along the burrow in circular and criss-cross motions to ensure the 

entire burrow and chamber were checked. Occupancy was confirmed when the 

observer had felt three separate incidents of pecking. If a burrow chamber could not 

be reached, it was marked as ‘unknown’. The same standardised techniques were 

performed on all burrows and each burrow was marked using labelled wire poles 

fixed into the ground.  

Data analysis 

All analyses were performed on the R Statistical Computing platform (R 

Development Core Team; version 3.5.1 (R Development Core Team 2013). 

To compare predator activity on the colonies at impact sites PL and NGB, we first 

summarised detections per night for devils, cats, possums, shearwaters and black 

rats.  Detections were grouped into events, considered distinct if the interval between 

consecutive images was greater than 60 seconds, to exclude repeat images of an 

individual remaining in front of a camera. Events were pooled per week for each 

species. All pooled detection-rate data were tested for collinearity (Pearson’s 

correlation coefficient >0.5), but no variables that we wanted to include in the same 

model were correlated. Black rat detections were low so they were not included in 

analysis. 

We used generalised linear mixed models (GLMMs) with a negative binomial 

distribution, computed using the R package lme4, to determine how the presence of 

shearwaters and stage of the breeding season influenced devil, cat, possum and 

total predator activity on the PL and NGB colonies during the breeding season. A set 

of additive models included “year” (as a continuous variable) as a proxy for changes 

in devil population size, which increased each year following their introduction (see 

Results). “Site” (PL and NGB) was included as a fixed factor for both devils and 

possums, but not for cats which were modelled only for PL as no cats were detected 

at NGB. For cats and possums, the fixed factor “devil activity” (at an individual 

camera) was also included. Finally, “stage of shearwater breeding season” (low 

chick vs high chick presence) was included as a fixed factor for devils, cats and 
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possums, and “camera site” was used as a random factor to account for the non-

independence of individual animals among camera traps.  

We used multi-model inference and an information theoretic framework (Akaike’s 

Information Criteria - AIC) to rank models. Models within 7 units of the model with the 

lowest AIC were considered plausible models for predicting the response variable 

(Burnham et al. 2011). Top models for each species were visualised using 

‘ggpredict’ in the package ggeffects and predicted values were plotted in the 

package ggplot2. 

To explore the influence of the predators on burrow occupancy of shearwaters at PL 

and the control site, we used a General Linear Model (GLM) with a logit link and 

binomial distribution. NGB was removed from this analysis because we recorded 

zero occupancy of adults and chicks in all years surveyed except 2015. The GLM 

was fitted with “location” as a categorical fixed factor to assess the influence of the 

presence of different predators (IDN - no predators, PL – with predators), and “year” 

(2013 - 2016) as a continuous variable, expressed as a cubic polynomial. Pair-wise 

interactions with location were also included. Model selection was conducted using 

AIC and ‘stepAIC’ in MASS as all higher-order interactions were required.  The 

analysis was broken down by stage (adults vs chicks) and separate models were 

fitted for adults and chicks. Models were simplified where appropriate by excluding 

simpler models that were nested within more complex models with lower AIC from 

the final model set. Interactions were visualised and plotted as per predator activity.  

Results 

Predator activity at shearwater colonies 

Fifteen devils were released on Maria Island in November 2012 and 13 in 

October/November 2013, giving a founding population of 28. Devils occupied the 

more accessible areas with high prey availability first, including the area around PL. 

As the devil population grew it expanded into more remote areas, including NGB 

(Fig. 3). By 2016, the population reached its estimated carrying capacity of 

approximately 100 animals (Wise et al. 2016), when activity was highest at both PL 

and NGB (Fig. 3).  



43 
 
 

Our top model predicting devil activity at the two shearwater colonies on Maria Island 

included a strong effect of Year, reflecting increased activity as the total devil 

population increased each year, and of higher activity at PL than at NGB (Fig. 3). 

Also, devil activity at PL was positively associated with shearwater activity, and was 

higher during shearwater breeding stage 2 (when chicks were more available) than 

stage 1 (see Table 1).  

The top model to predict cat activity at PL included a strong effect of Year 

(interpreted as a proxy for increasing devil population size on Maria Island). Activity 

of cats declined steadily over the four years (2013-2016) from 10 detections per 

week to almost zero (Fig 3). Cat activity at PL was also positively associated with 

shearwater activity, but was lower during stage 2 (weeks 4-6), when chicks are 

larger and adult shearwaters are scarce (Table 1). Kittens (n = 2) were observed at 

PL in 2013 and 2014 but not thereafter. No cats were detected at NGB during this 

study.  

The top model for possum activity included a strong effect of Year: activity was high 

in 2012 and 2013 but fell so dramatically that in 2015 and 2016 possums were 

absent or nearly so from both colonies (Fig. 3). Possums initially occurred at both PL 

and NGB where they had similar activity levels (Fig. 3). Shearwater activity also had 

a positive influence on possum activity, which was higher at stage 2 than stage 1 

(Table 1).  

The top model to predict total predator showed activity to slightly decrease with Year 

at both NGB and PL but was slightly higher at PL (Fig. 3). Activity of shearwaters 

and stage 2 (presence of chicks) had a positive influence on the combined activity of 

devils, cats and possums (Table 1).  
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Figure 3.  Predicted weekly (± 95% CL) activity from top fitting GLMMs of devil, cat, possum, 

and total activity (all three species combined) estimated over a six-week period at impact sites 

NGB (A and B) and PL (C and D) on Maria Island from 2013-2016. 

Table 1. GLMMs predicting the influences of year, site, chick stage and activity of prey species 

on the activity of each of the introduced predators (devils, cats, possums) on Maria Island.  

Predator Intercept Shearwater Year Site “PL” Stage 2 
“high chick/low 

adult” 
 

Devils 
 

-3.238 ± 
0.358 

0.010 ± 
0.022 

1.217 ± 
0.122 

2.020 ± 
0.278 

0.109 ± 
0.08 

Cats  2.252 ± 
0.202 

0.033 ± 
0.015 

-0.975 ± 
0.106 

- -0.27 ± 
0.105 

 
Possums 

1.173 ± 
0.285 

0.059 ± 
0.016 

-1.478 ± 
0.138 

-0.038 ± 
0.309 

0.082 ± 
0.106 

Total 0.602 ±  
0.202 

0.0447 ± 
0.013 

-0.100 ± 
0.080 

1.70 ±  
0.198 

0.101 ±  
0.062 

Devils, cats and possums were all recorded on camera disturbing, killing and eating 

shearwater adults and chicks (Fig. 4). Devils were not observed disturbing or killing 

shearwaters until 2014 where they were recorded killing chicks on the surface and 

digging them from their burrows. No adults were recorded being killed by devils until 

2015, when devils were observed swatting and killing adults on the surface (Fig. 4) in 

addition to killing chicks. Devils also killed shearwaters in 2016, possibly both adults 

A
.

B
.

C
.

D
.

Cat Possum Devil Cat Possum Devil 
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and chicks dug from their burrows. Cats were recorded killing both adult and juvenile 

shearwaters at PL in 2013, 2014 and 2015 but no killings or disturbances by cats 

were recorded in 2016. Possums were the greatest agent of predation and 

disturbance of shearwaters at PL in 2013 (Fig. 4), but not thereafter (see Table 2). 

 

Figure 4. Records of seabird predation on Maria Island from 2013-2016. Examples of 

shearwater chicks being killed by (A) devil, (B) cat and (C) possum. (D) Devil seizing and killing 

a penguin at NGB and (E) devils swatting and chasing adult shearwaters and (F) killing and 

eating them. 

Table 2. Counts of shearwater kill and disturbance events by devils, cats and possums during 

the six-week survey period from 2013-2016 at PL and NGB combined.   

 2013 2014 2015 2016 

Predator Killed Disturbed Killed Disturbed Killed Disturbed Killed Disturbed 

 
Devil 

 
0 

 
0 

 
3 

 
0 

 
15 

 
1 

 
6 

 
0 

 
Cat 

 
3 

 
2 

 
5 

 
0 

 
2 

 
0 

 
0 

 
0 

 
Possum 

 

 
6 

 
11 

 
0 

 
0 

 
0 

 
0 

 
0 

 
0 

 

Burrow occupancy of shearwaters 

At IDN, in the absence of predators, shearwater adults and chicks were present in all 

years, with high inter-annual variation but no obvious trend (Fig. 5). At PL, burrow 

occupancy by adults increased from 2012 - 2015, but abruptly declined to zero in 

December 2016 (Fig. 5). Occupancy by chicks was low in April 2013 (~5%) and zero 

thereafter (Fig. 5). No shearwater adults or chicks were recorded at NGB in 
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December 2012 and April 2013. This site was not re-surveyed until December 2015 

when we recorded 29% occupancy of adults. Occupancy fell to zero chicks in April 

2015 and no adults or chicks were recorded in 2016. 

 

Figure 5. Predicted burrow occupancy (with 95% CL) of shearwaters on colonies at control site 

IDN (no predators) and impact site PL (predators present) on Maria Island. 

Discussion 

Before the introduction of devils to Maria Island in 2012, possums and cats were 

significant predators of breeding shearwaters. This history of predation may explain, 

at least in part, why the two colonies on the island were small in 2012 compared with 

the large colony on the predator-free Ile du Nord which had an estimated ~13,000-

20,000 pairs of shearwaters (Brothers et al. 2001; Lee et al. 2011). As the devil 

population on Maria Island grew and activity of devils at the shearwater colonies 

increased, use of the colonies by possums and cats declined. Nonetheless, 

shearwater populations at both colonies rapidly declined to zero. The demise of the 

two small colonies soon after devils arrived indicates that even a few devils can have 

large effects. The ability of devils to dig shearwaters from their burrows increased 

their impact despite total predator activity (number of detections on camera of 

predators of any species) at colonies not increasing with the addition of devils to the 
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Maria Island predator community. Our study shows that the introduction of a top 

predator reduced the impact of mesopredators on vulnerable prey. However, in this 

case the particular traits of the top predator resulted in extirpation of two small 

breeding colonies of non-threatened prey. 

Our results provide the first empirical evidence of possums acting as predators of 

seabirds, killing both adult shearwaters and chicks. Other studies have shown that 

possums may exhibit predatory behaviour and have significant impacts on avian 

communities. On Kangaroo Island, possums are significant nest predators of the 

glossy black cockatoo (Calyptorhynchus lathamii) (Garnett et al. 1999) and in New 

Zealand, where possums have been introduced, they prey on endemic ground and 

arboreally nesting birds (Brown et al. 1993; Clout 2006; Innes et al. 1999). 

Broadening of the possum’s foraging niche to include vertebrate prey is associated 

with absence of large mammalian predators, which allows possums to increase their 

use of open, tree-less vegetation and exploit more resources (Chapter 3). Similar 

increases in carnivory in the absence of larger predators have been observed in 

skunks (Mephitus mephitus), raccoons (Procyon lotor) and opossums (Didelphis 

virginiana), with negative impacts to avian communities (Gehrt and Clark 2003). 

Brashares et al. (2010) documented a similar increase in omnivory in olive baboons 

(Papio anubis) in Gabon with the loss of large predators (lions (Panthera leo), 

leopard (Panthera pardus) and wild dog (Lycaon pictus)).  

Possums also had non-lethal effects on seabird behaviour, which may have reduced 

fledgling success and overall survival of chicks before devils were introduced. At low 

abundance of devils, possums were recorded disturbing pre-fledgling chicks that 

were exercising their wings outside their burrows. Chicks that exhibit high rates of 

wing flapping are able to develop flight muscles more quickly and fledge earlier, 

which can increase survival (Johnston et al. 2003). Possums reduce fledgling 

success and disturb nests of other birds, resulting in lower survival (Clout 2006; 

Olsen and Trost 2009). Disturbances by possums may have also resulted in 

shearwater chicks fleeing their natal burrow, putting them at greater risk of being 

killed by other predators. 

We recorded no possums in the seabird colonies when devils were at high 

abundance. We directly observed and recorded possums being killed and eaten by 

http://www.birdsinbackyards.net/Psittaciformes/Cacatuidae/Calyptorhynchus/Calyptorhynchus-lathami
http://www.birdsinbackyards.net/Psittaciformes/Cacatuidae/Calyptorhynchus/Calyptorhynchus-lathami


48 
 
 

devils near PL and at NGB during this study. Similarly, possums occurred in 29% of 

devil scats on Maria Island following their introduction from 2012-2014 suggesting 

devils were killing and eating possums (Rogers et al. 2016). In response to this risk 

of predation, surviving possums may have altered their habitat use to avoid open, 

tree-less habitats such as in the coastal seabird colonies, where they are highly 

exposed to predation by devils (Chapter 3). Cunningham et al. (2019) demonstrated 

reduced foraging behaviour of possums in open habitats on Maria island after 

introduction of devils. These results show that lethal effects of large predators can 

cause swift changes in behaviour and abundance of their prey (Creel and 

Christianson 2008).   

The rapidity of the decline of possums in the seabird colony at PL argues against 

exploitative competition by devils for seabird prey as an explanation. In 2013, when 

devil activity was low, possum activity was similar at the two shearwater colonies on 

Maria Island, PL and NGB, but the availability of shearwaters as prey was much 

higher at PL. Possums are likely attracted to the shearwater colonies year-round to 

forage on fruits of coastal succulent plants, grasses and seeds, as well as 

shearwater chicks when they are available. However, as devil activity increased, 

possum activity declined, and few and then no possums were recorded at both 

colonies when devil activity (and abundance) was high in 2015 and 2016, despite 

shearwater burrow occupancy still being high at PL in 2015. This supports the 

inference that the lethal and non-lethal effects of devils resulted in changes in both 

the behaviour and abundance of possums.  

In contrast to possums, exploitation competition, by devils eating shearwaters, could 

explain the decline of cats in the colony at PL. Cat and shearwater activity were 

positively correlated; that is, as shearwater activity declined, cats made less use of 

the colony (unlike devils, which continued to visit the colony during the 2016 

breeding season when no shearwaters were present). This interpretation is further 

supported by the absence of cats (but not possums) at NGB where shearwater 

availability was low throughout the study. Other studies have shown that availability 

of seabirds affects use of seabird colonies by cats (Bonnaud et al. 2012). While cats 

may have moved to other habitats in search of prey, we observed two cats in poor 

condition, one of which died, in 2015, following the disappearance of the 
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shearwaters. Loss of important prey reduced the individual survival of cats in other 

studies where they have failed to ‘switch’ to other prey (McGregor et al. 2020).  

Intraguild predation by devils on cats may have occurred, particularly on kittens left 

alone at the den while their mother is hunting (Jones et al. 2007). Evidence for this is 

indirect: litters of kittens were observed on the PL shearwater colony only in 2013-14 

when devil abundance was low. Indeed, cat activity in the shearwater colony 

declined as overall devil abundance on Maria Island increased with each year, 

suggesting fewer cats or avoidance of habitats with high devil activity.   

The increasing abundance and activity of devils on Maria Island and the shearwater 

colony in particular may have induced avoidance behaviours in cats. Consistent with 

other studies suggesting avoidance of devils by cats (Fancourt 2016; Lazenby and 

Dickman 2013), the activity of cats declined as devil activity (independent of devil 

abundance on the island) increased on the shearwater colony. We noted that when 

cats and devils appear together in camera images, cats are mostly vigilant and 

position themselves close to cover while devils do not appear to alter their vigilance 

or movement behaviour in response to cats. Other observations suggest the 

increasing presence of devils in the colony was associated with cessation of surplus 

killing by cats, even before shearwaters declined. We recorded surplus killing of 

adult shearwaters by cats on several occasions before devils were introduced, but 

not after. For example, three caches of cat-killed adult shearwaters (n=15, 22, 24) 

were found uneaten at PL in 2012, possibly accounting for low adult burrow 

occupancy in that year (see results). In 2014-2015 when devil activity had increased 

but adult occupancy of shearwaters on PL was still high, similar to IDN that has no 

predators, no surplus killing by cats was recorded despite similar survey effort. 

Elsewhere, smaller predators alter their hunting behaviour in the presence of larger 

predators. For example, cheetah (Acinonyx jubatus) are less likely to hunt in the 

presence of lions (Panthera leo) (Durant 2000), and the presence of white-tailed sea 

eagles (Haliaeetus albicilla) reduce foraging by introduced American mink in Finland 

(Neovison vison) (Salo et al. 2008).  

While devils may have reduced overall predator activity on the seabird colonies, their 

larger size and digging ability make them more efficient predators of shearwaters 
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than either cats or possums. Devils den in underground burrows and can dig to 1 m 

depth in a single night in sandy soils (Jones, unpubl. obs.). This capability would put 

both adult and chick shearwaters at much higher risk of predation from devils than 

from cats or possums, because devils could both dig them out of burrows and kill 

them on the ground surface. Devils were recorded extracting both chick and adult 

shearwaters from their burrows. Other predators that are capable diggers are 

reported to have large impacts on burrow-nesting seabirds. For example, red foxes 

(Vulpes vulpes) and arctic foxes (Vulpes lagopus), introduced to some 450 islands 

off the Alaskan coast, extirpated large colonies of burrow-nesting procellariform 

seabirds (Bailey 1993).  

The shearwater colonies on Maria Island were evidently small before devils were 

introduced (Brothers et al. 2001; Lee et al. 2011) and subject to high predation 

pressure by cats and possums. However, the rapid decline to zero burrow 

occupancy between 2013 and 2016, together with records of devils killing 

shearwaters, suggests that predation by devils caused the final extirpation of 

shearwater breeding on Maria Island. The small size of the shearwater colonies on 

Maria Island meant that small numbers of devils could have large impact on them. 

On mainland Tasmania, devils successfully coexist with shearwaters, suggesting 

their impacts may be reduced on larger land masses and colonies.   

The costs and benefits of devil introduction on Maria Island may change in the 

future. When devils were introduced in 2012, their conservation prospects appeared 

precarious. The potential impact of devils on breeding of ground-nesting birds was 

identified as a potential risk of the introduction (DPIWE 2010). However, in this 

particular case, the highly successful establishment of a wild, free-living population of 

endangered devils was considered to outweigh the loss of small breeding colonies of 

non-endangered, ground-nesting birds. Now, the long-term persistence and perhaps 

natural recovery of devils appears likely (Wells et al. 2019) particularly with 

increasing evidence of recovery from disease (Pye et al. 2016), the potential for 

tolerance (Ruiz-Aravena et al. 2018) and rapid evolution of resistance (Epstein et al. 

2016) to the disease. Ongoing monitoring by the Tasmanian government on Maria 

Island has ensured the retention of genetic diversity and that populations are being 

managed at carrying capacity to maximise animal health (STDP 2019). If and as 
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devil populations recover naturally in their native range on the Tasmanian mainland, 

they could be removed from Maria Island. Removal of devils from Maria Island may 

allow the shearwaters to return, but this may require assistance (Kappes and Jones 

2014). Additional measures to favour shearwaters could include removal of invasive 

predators such as cats and black rats and management of large herbivores (Skira 

1991) like wombats (also introduced to Maria Island), which can collapse burrows by 

foraging and digging (Scoleri pers. obs). Investigating and managing these collective 

impacts may further benefit shearwater recovery.  

This study represents a unique opportunity to investigate the effects of introducing a 

predator into an ecosystem matching its native habitat but from which it has been 

historically absent. This case study has revealed some of the ecological 

consequences of such an action, including a clear impact on colonies of burrow-

nesting seabirds as well as other mesopredators, albeit restricted to a single island. 

Real-world conservation actions such as the assisted colonisation of a native 

predator to an island are rare, and even more rarely do they provide strong 

experimental designs with replication. The study also illustrates some of the 

mechanisms by which predators may limit invasive and potentially overabundant 

species. Understanding these mechanisms is critical to planning of translocations or 

restorations of other predators in other systems or environments.  
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Chapter 3: Assisted colonisation of a 

native top predator reduces the 

abundance and habitat breadth in a 

widespread native prey 

 

 

 

Photo: Common brushtail possum on Maria Island, Tasmania 
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Abstract 

Evidence suggests that mammalian predators can limit the abundance and 

distribution of their prey, but few landscape-scale experiments test these effects in 

real time.We use the assisted colonisation of a top predator, the Tasmanian devil 

(Sarcophilus harrisii), to a ~100 km2 offshore island to test the impacts of predation 

on the abundance, habitat use and temporal activity of the common brushtail 

possum (Trichosurus vulpecula). Before devil introduction, possums were abundant 

in both open grasslands and forests on Maria Island National Park. Predation by 

devils caused high mortality of possums in open grasslands, but individuals with 

access to trees had higher survival probability. Possum abundance declined across 

the whole island, primarily in open grasslands where it dropped to virtually zero, but 

also in dry forests with open understorey vegetation. Abundance remained stable in 

wet forests which are not preferred habitat for possums but provide better refuge 

from devils. There were no changes in the abundance or habitat preference of 

possums in a control site on the adjacent Tasmanian mainland, where the population 

of devils remained low and stable. Adding a native top predator to a naïve 

ecosystem can cause rapid decline in abundance and contraction in habitat breadth 

for prey species, in habitats that provide insufficient refuge from predation. The 

introduction of native predators has a potentially important role in ecological 

restoration. 
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Introduction 

Top predators can play important roles in ecosystem function through consumptive 

and non-consumptive effects on populations of mesopredators and herbivorous prey 

(Creel & Christianson 2008). Consumptive effects relate to the increased mortality 

caused directly by top predators that reduces the abundance of prey populations. 

Non-consumptive effects refer to prey species altering their behaviour or habitat use 

to reduce predation risk (Schmitz, Beckerman & O'Brien 1997). The loss of top 

predators, as is happening in many parts of the world, can result in other species – 

including smaller predators, omnivores and herbivores – increasing in both local 

abundance and habitat breadth (Crooks & Soulé 1999;Prugh et al. 2009). The 

impacts from increased small predator and herbivore abundance, in particular, 

suggests that reintroducing top predators could be a powerful management tool for 

restoring ecosystems, and controlling problematic species (Derham et al. 2018).  

Our understanding of the significance vertebrate top predators have in controlling the 

structure and dynamics of terrestrial ecosystems is strongly influenced by just a few 

well-studied cases, most of which provide correlative evidence (Ford et al. 2015) or 

rely on historical changes in predator and prey populations (Alston et al. 2019). The 

few studies in which top-predator abundance has been manipulated typically have 

long timescales that can make interpretation difficult. The reintroduction of grey 

wolves (Canis lupus) to the Greater Yellowstone Ecosystem, for example, was 

followed by the decreasing abundance and habitat breadth of elk (Cervus 

canadensis) with cascading effects on other species (Ripple et al. 2014). Because 

these changes unfolded over several decades, direct study of the mechanisms 

involved was implausible. In particular, the mechanisms by which wolves affected 

the ecology of elk, whether through the direct demographic effects of predation, 

shifts in distribution, or the influence of bottom-up effects, are still being debated 

(Kauffman, Brodie & Jules 2010;Dobson 2014;Peterson et al. 2014).  

Disentangling the effects of predators from those of humans is another complication, 

as many cases of top predator recovery occur in regions where there are strong 

human influences on both predator and prey species (Dorresteijn et al. 2015). Most 

examples of recolonising large terrestrial predators, for example, are in western 

Europe where grey wolves, brown bears (Ursus arctos) and Eurasian lynx (Lynx 
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lynx) are returning to landscapes from which they have been long absent (Wolf & 

Ripple 2018). However, the landscapes being re-colonised by predators are largely 

human-dominated, so the long-term effects of top predator restoration is often 

overwhelmed by human control of wildlife populations and trophic interactions 

(Kuijper et al. 2019). 

Here, we capitalise on a rare opportunity to study the assisted colonisation 

(IUCN/SSC 2013) of a threatened native top predator. We examine the effects on a 

widespread native prey species on an island reserve, which overcomes some of the 

limitations noted above. The Tasmanian devil (Sarcophilus harrisii; hereafter ‘devil’) 

is the largest extant marsupial carnivore and the top terrestrial predator on the island 

of Tasmania, Australia (Jones et al. 2007). Devils  have declined on the Tasmanian 

mainland since the mid-1990s due to a novel transmissible cancer, the devil facial 

tumour disease (DFTD) (McCallum & Jones 2006). In response to this threat, 

disease-free devils were translocated to Maria Island off the east coast of Tasmania 

to assist with conservation efforts. Maria Island provides the range of habitats 

occupied by devils on mainland Tasmania and a full complement of prey species, 

including marsupial herbivores introduced to the island from the 1950s to the 1970s. 

Feral cats (Felis catus) were also introduced in the 1920s and the island has native 

wedge-tailed eagles (Aquila audax) (Wakefield 1962;Rounsevell 1985). A total of 28 

devils were introduced in 2012/13 (Wise et al. 2016). Over the subsequent four years 

the devil population rapidly grew to a size of ~100 individuals, which is close to the 

carrying capacity for the island as estimated before the introduction (Jones & 

McCallum 2007).  

We investigated impacts from the devil introduction on the distribution and 

abundance of the common brushtail possum (Trichosurus vulpecula, hereafter 

‘possum’), a major prey species of the devil on mainland Tasmania (Andersen et al. 

2017). Possums are typically arboreal folivores, but also forage on the ground to 

varying extents (MacLennan 1984), with a varied diet that includes opportunistic 

predation of birds and other small vertebrates (Clout 2006) and scavenging carrion. 

Before the introduction of devils, possums were widespread on Maria Island, 

occupying all habitat types including forest and open grasslands where they were 

extensively active on the ground (Chapter 3).  
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Because of rapid growth in the devil population on Maria Island, we were able to 

monitor the effects of devils on possums and to identify the mechanisms responsible. 

Maria Island is a National Park with minimal impacts from visitors, so our results are 

not influenced by anthropogenic effects on possums, other than the introduction of 

devils. We predicted that possums would be at greatest risk of predation by devils in 

open grassland habitats. The lack of trees in open grassland limits escape from a 

terrestrial predator. We deployed GPS collars to track movements of possums in 

mixed forest and open grassland habitats and used distance sampling and camera 

surveys to measure changes in possum density, distribution and temporal patterns of 

activity. We also conducted camera surveys at a control site on the adjacent 

Tasmanian mainland where devils remained at low density throughout the study. 

This study was conducted from 2013 to 2019. 

Methods  

Study sites 

Maria Island is four kilometres off the east coast of Tasmania (Fig.1, Appendix A) 

and is covered mostly by dry eucalypt forest (hereafter dry forest) with wet eucalypt 

forest (hereafter wet forest) at higher altitudes (up to 700 m). Dry forest is dominated 

by Eucalyptus globulus, E. obliqua, E. pulchella and E. amygdalina, with some 

casuarina (Allocasuarina verticillata). The limited areas of coastal dry heath and 

sand dunes were also included in `dry forest’. Wet forests are more structurally 

complex than dry forests on Maria Island and include several distinct habitat types: 

tall woodland on talus; plateau-shelf tall-open forest, tall woodland with wet 

sclerophyll understory; and mountain-top heath (PWS 1998) (Fig. 1, sup. 

information).   

Maria Island has had a complex recent history of land use and management from 

European settlement in 1825 to establishment as a National Park in 1972. Large 

parts of the island’s native vegetation were cleared for agriculture creating open 

grasslands that make up approximately 5.5 % of the island’s total area (PWS 1998). 

The open grasslands are maintained as a closely cropped ‘marsupial lawn’ by 

marsupial herbivores including the common bare-nosed wombat (Vombatus 

ursinus), Forester kangaroos (Macropus giganteus), Bennetts wallabies (M. 
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rufogriseus rufogriseus), Tasmanian pademelons (Thylogale billardierii), and 

possums (Ingram 2018). The control site is located on the adjacent mainland near 

Rheban that has a similar composition of vegetation and mammalian fauna to Maria 

Island. The low density, stable devil population at Rheban has been affected by 

DFTD since 2003 (Hawkins et al. 2006). 

Survival of individual possums in relation to habitat use  

Possums living in mixed open grassland and dry forest habitats at Point Lesueur, the 

western-most part of Maria Island (Fig. 1, supp. information), were fitted with GPS 

collars (Sirtrack, Havelock, New Zealand) from February 2014 until March 2015. 

Possums were captured in PVC pipe traps, modified cage traps, or by spotlighting 

and hand-netting at night. GPS collars were set to record a satellite fix every 30 

minutes, on a 12-hour schedule, from 1800 h to 0600 h AEST four days per week. 

Possums were located by radiotracking, using the VHF transmitter in the collar and 

their survival was recorded as either survived, killed or unknown. Surviving possums 

were recaptured for removal of collars. Evidence that collared possums had been 

killed or eaten by a devil consisted of blood, fur, tracks, drag marks and damage to 

the GPS collar at a kill site. The category ‘unknown’ was assigned to possums where 

the GPS collar was found but there was no clear evidence of predation by devils.  

Data from GPS collars were analysed for 18 possums (12 males, 6 females) in total. 

A further 9 possums were collared but provided too few fixes for estimation of home 

ranges. Collars were downloaded using Sirtrack GPS software (v 1.5.3). GPS data 

were removed where fixes took longer than 90 seconds to obtain. Geographic 

coordinates from each possum were exported as separate .csv files and were 

projected onto the Maria Island GIS vegetation layer in TASVEG 3.0 (Department of 

Primary Industries, Parks, Water and Environment, 2013), then files were uploaded 

to ArcGIS v10.2 (ESRI 2011). Fixes that appeared spurious (e.g. in the ocean) were 

removed and the cleaned data compiled for all collared possums. 

We estimated the core home range (HR) for each possum using the Biased Random 

Bridge (BRB) kernel method (Benhamou & Cornélis 2010;Benhamou 2011) in the R 

package adehabitatHR version 0.4.15 (Calenge 2006). The BRB estimates HR by 

placing kernel functions over each step (‘track’) travelled by the animal between two 

https://journals.sagepub.com/doi/full/10.1177/0959683617690591
https://journals.sagepub.com/doi/full/10.1177/0959683617690591
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consecutive GPS fixes, rather than over the fixes themselves, resulting in a more 

realistic estimate of the animals’ actual movements. Parameters were set as follows: 

a) the maximum amount of time (in seconds) allowed for steps built by successive 

relocations was TMax=1000 s, based on the 15-minute (i.e. 1000 s) fix schedule for 

GPS collars; and, b) the smallest distance for a possum recorded as not moving 

(Lmin) was set at 20 m to account for error within the GPS collar fixes. Defining 

intensive small-scale movements or resting by possums (hmin) was set to 50 m.  

Home-range polygons for individual possums were overlayed onto a vegetation 

shapefile of Maria Island (TASVEG 3.0). Vegetation codes were changed to be 

either ‘grassland’ or ‘forest’ habitats. The area of each possum’s HR within each 

habitat type was calculated (see Table 1. sup. material). A survival analysis was 

performed to investigate the survival (killed, alive or unknown) of GPS collared 

possums in relation to whether or not they had forest habitat within their HR. Survival 

probability estimates of possums whose home ranges included some areas of forest 

versus those that did not were compared using a log rank test of these two estimates 

over time. Due to the relatively low sample size of GPS-collared possums and the 

number confirmed as killed (n=13) we did not investigate other variables that might 

predict survival.   

Change in abundance of possums in open grassland habitat 

Density of possums in open grassland was estimated from standardised spotlight 

survey counts conducted by PWS field staff on Maria Island in winter (August) and 

autumn (May) from 2010-2018. A vehicle, with a driver and observer, was driven at 

slow speed along 15 transects located on straight sections of gravel roads, tracks 

and open grasslands at Darlington, Return Point and Point Lesueur. All animals 

observed in a spotlight beam from either side of the vehicle were recorded. 

Distances from the observer to individual animals were estimated with the aid of 

reflective distance markers placed alongside transects after Le Mar, Southwell and 

McArthur (2001). Due to the limited number of possums observed in each survey, 

observations were pooled across replicates within each season for analysis. Detailed 

methods for marsupial herbivore monitoring surveys on Maria Island are outlined in 

Ingram (2018).  
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Possum density was estimated using the Conventional Distance Sampling (CDS) 

analysis engine in the DISTANCE statistical software V6.2 

(http,//distancesampling.org/Distance/old-versions/distance62download.html) with a 

half-normal key function fitted (Buckland et al. 2001;Thomas et al. 2010) to estimate 

the detection probability. Observations in each survey period were resampled by 

replacement to estimate variance using nonparametric bootstrap for each replicate 

transect (x 400 iterations) until the sample size (number of transects) equalled the 

original survey effort (Buckland et al. 2001). Final density estimates were generated 

for possums in winter and autumn, and mean densities were calculated across both 

seasons each year (Fig.2, Appendix A). 

Island-wide patterns of detections and temporal activity of possums 

We deployed ~70 cameras (Reconyx PC600 and PC800, Wisconsin, USA) in 

summer and in winter on Maria Island, and 50 cameras in winter only at the Rheban 

control site, from 2013 to 2017.Total deployments were 732 cameras and 20,496 

camera-nights. Cameras were spaced ~500 m apart and angled downwards to 

capture the area directly beneath a lure station. The lure station included an olfactory 

lure (PVC canister filled with a mixture of rolled oats, peanut butter, sardines, dried 

liver, tuna oil, walnut oil and truffle oil) and a visual lure (a blank white CD), both 

hung from a branch ~1.5 m off the ground.  

We programmed the cameras to record three consecutive images each time the 

sensor was triggered, with a one-second delay between images within sets and no 

delay between sets. Cameras using HIGH default settings recorded 3.1-megapixel 

colour images during the day under ambient light and monochromatic images at 

night under an infrared flash. All images were time and date stamped. Cameras were 

distributed among open grassland, dry and wet forest locations in proportion to land 

area, with more cameras in dry forest with the greatest extent. No cameras were 

deployed in open grassland at the control site due to the risk of camera theft.    

As it is difficult to identify individual possums and devils, we derived detectability-

correlated estimates of abundance for both species using N-mixture models (Royle 

2004). The N mixture model is an extension of occupancy modelling (MacKenzie et 

al. 2002) that includes detection probability and abundance of species from 

http://distancesampling.org/Distance/old-versions/distance62download.html
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replicated detection histories (i.e. count data) that often exceed one (Royle 2004). To 

create a detection history for possums and devils we divided each 28-day survey into 

four 7-day periods and recorded the number of independent detections (counts) for 

each species in each period. A detection was defined as independent if separated by 

30 mins from the previous detection at that site (Brook, Johnson & Ritchie 2012). We 

treated the estimates from the N-mixture models as detectability correlated indices of 

abundance that enabled us to compare trends in abundance between Maria Island 

and the adjacent control site.   

The count data for possums and devils were tested using Poisson or zero‐inflated 

Poisson distributions by creating an intercept‐only N‐mixture model. The distribution 

with the lowest AICc value was used for further analysis (Ficetola et al. 2018). 

Negative binomial distributions were not used as they are known to produce 

unrealistic estimates of abundance (Dennis, Morgan & Ridout 2015).  

First, we tested our expectation that increasing devil abundance would result in a 

decreasing possum abundance on Maria Island compared with no change at the 

control site. We modelled parameters that may influence the detection and 

abundance of possums and devils on Maria Island and the control site. For the 

detection component, we tested two parameters: ‘lure age’, which increased from 1 

to 4 from the first to the fourth period, and ‘season’, which was either summer or 

winter. In the possum detection models, we also included ‘devil detections’ per 

camera as we would expect that devil activity at a camera would influence the 

detectability of possums.  

To estimate temporal changes in the relative abundance of each species we used 

the parameters of ‘location’ (Maria Island and control) and ‘year’ (as a proxy for devil 

abundance). Simple additive and interactive models (year*location) were constructed 

with polynomial terms of ‘year’ and ‘lure age’ to allow for non-linear effects.  

Second, we explored how an increasing devil population influenced possum 

abundance within the different habitat types (dry, open and wet forest) on Maria 

Island. The control site was removed as the first analysis indicated no influence of 

devils on possum abundance. We used multi-model inference and an information-

theoretic framework with Akaike’s Information Criterion (AIC) to rank models and 
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defined the most influential models to be within ˂ 2 AIC (Burnham & Anderson 

2004). Top models were tested for fit using the parametric bootstrap function within 

the ‘unmarked’ package (Fiske & Chandler 2011) in R.  

Temporal activity profiles were also created for possums using the time stamp 

recorded on the camera images. All images of possums from Maria Island were 

pooled for 2013/2014 (n=1401) and for 2016/2017 (n=1009) to represent periods 

when the devil population on Maria Island was ‘low’ (n ~ 29 devils) versus ‘high’ (n 

~100 devils). Non-parametric kernel density curves were fitted to each year/devil 

density period using default smoothing parameters to characterise the probability 

density distribution for possum activity in each period (R package overlap Version 

0.3.2). The coefficient of overlap, Δ, was calculated as a measure between 0 (no 

overlap) to 1 (complete overlap) of temporal overlap between estimated distributions 

for the two time periods, with 95% bootstrap confidence intervals (Ridout & Linkie 

2009). A non-parametric Watson-Wheeler test was used to test for homogeneity 

between the two activity periods at each site using the R package circular Version 

0.4-93 (Agostinelli & Lund 2017). All analyses were performed on the R statistical 

computing platform (R development core Team; version 3.5.3).  

Results 

Survival of individual possums in relation to habitat use 

Maps of home range indicated that possums around Point Lesueur lived either 

entirely in open grassland, or used a mixture of grassland and dry forest, prior to the 

introduction of devils (Fig. 2. Table 1, Appendix A). Possums with home ranges 

exclusively in open grassland denned in a variety of structures including low shrubs, 

wombat burrows and rock-piles; those with access to forest denned exclusively in 

tree hollows (Table. 1, Supporting information).  Fifty percent of all possums fitted 

with GPS collars were killed by devils. Evidence of death by devil was either direct 

observation of killing (Scoleri, pers. obs) when possums were being radio-tracked or 

the researcher was in the vicinity, or clear sign at the kill site indicating predation by 

a devil (e.g. blood and fur on the ground but the entire carcass, including bones, 

consumed). We can exclude feral cats and wedge-tailed eagles as the agent of 

death because adult possums (2.5-4 kg) are nocturnal (excludes diurnal raptors) and 
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are too large for feral cats (2-4 kg). Survival was lower for individuals whose home 

ranges were exclusively in open grassland than for those with home ranges that 

overlapped forest and who denned in trees (Fig. 1, p = 0.024). Of the collared 

possums that survived the study period (n=5), all but one denned in tree hollows 

(Table 1, Appendix A). The single exception was a possum that denned in a deep 

crevice in an exposed complex of large rocks near the shoreline at the end of an 

open grassland peninsula. We were unable to locate this possum after retrieving its 

GPS collar, despite extensive camera surveys around its former den site.  

 

Figure 1. Survival of 18 (12M; 6F) possums fitted with GPS collars from February 2014 until 

June 2015 on Maria Island at Point Lesueur (PL). Survival of possums was determined as the 

proportion of possums that used open grassland and dry forest habitats and were not killed by 

devils (Table. 1, Appendix A) using the Kaplan-Meier estimate (p=0.024).  

Change in abundance of possums in open grassland 

In the three years preceding the introduction of devils in late 2012, possum densities 

in open grassland on Maria Island ranged from 1 - 2.5 individuals per hectare. By 

2016 and 2017 when devils had reached their estimated carrying capacity, the 

density of possums was estimated at zero in open grassland. A small spike in 
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possum density in 2018 coincided with removal of 30 devils, but density fell back to 

zero the following year (Fig.2).   

 

Figure 2. Density estimates of possums in open grassland (~1000 ha) habitats on Maria Island 

from 2010-2018 scaled against population size of devils. Increasing devil density is related to 

years since their introduction, starting with the introduction of 15 devils in November 2012. 

Possum population estimates are derived from spotlight survey counts using distance 

sampling methods for the western part of the island only. The absence of SE bars on density 

estimates reflects none or low counts for those years which could not be estimated using 

DISTANCE software.  

Island-wide patterns of detections and temporal activity of possums 

Before devils become abundant on Maria Island (by 2016-2017) possums were in 

high abundance across the island (Fig. 3.B). Possum abundance was highest in 

open grassland, followed by dry forest, and then wet forest (Fig. 3.D). Over the five 

years following the introduction of devils in late 2012, the abundance of possums on 

Maria Island declined strongly in open grassland, less strongly in dry forests, and 

showed little change in wet forest (Fig. 3.D). Possum abundance fell by more than 

50% across Maria Island as a whole (all camera sites combined; Fig.3.B) but 

remained approximately constant at the Rheban control site where the devil 

population remained low and stable. The ‘year by location’ interaction term had a 

relative importance (RI) of 0.85 (sum of AIC weights across all models) and was 
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present in the top-ranked N-mixture models describing variation in both devil and 

possum abundance (Table 2,3; Appendix A).  

The probability of detecting both possums and devils was influenced negatively by 

the age of the lure. Detection of devils changed with season, with detections higher 

in winter than summer. Season had a very minor influence on possums. There was a 

small positive effect of nightly devil detections at camera stations on the detection 

probability of possums. All these detection parameters had a RI of 1.0. (Table 2,3; 

Appendix A).  

Possums did not alter their diel activity patterns on Maria Island in response to the 

increasing devil population (W = 1.3758, df = 2, p-value = 0.5026; see Fig. 3, 

Supporting information).  

 

Figure 3.  Predicted abundance of devils (A) and possums (B) on Maria Island and the Rheban 

control site from 2013-2017. Plots C and D show the predicted abundance of possums and 

devils within the three different habitat types (open, dry, wet) on Maria Island throughout the 

same period (Table 2,3; Appendix A).  
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Discussion 

The assisted colonisation of Tasmanian devils on Maria Island, intended as a 

conservation action for the devil, provides a unique opportunity to measure the 

ecological effects of an introduced native top predator in real time. We present clear 

evidence of a contraction in habitat breadth and reduced abundance in a widespread 

prey species, associated with the rapid population increase of its major predator. 

Brush-tailed possums on Maria Island had lived in isolation from top predators since 

they were first introduced in the 1950s. The lack of large, terrestrial predators on 

Maria Island enabled this nocturnal, arboreal folivore to expand its habitat breadth to 

utilise open grasslands, which provide higher quality food types (e.g. grasses, fruits 

and seed) than nutrient-poor eucalypt foliage (Hume 1999). In open grasslands 

possums also became more omnivorous, exploiting seasonally available short-tailed 

shearwater (Puffinus tenuirostris) colonies, preying on both adults and chicks 

(Chapter 2). This expansion of habitat breadth by possums, and associated 

increased nutrition, may have resulted in increased abundance in the absence of 

large terrestrial predators on Maria Island.  

The introduction of devils and their rapid population growth dramatically reduced the 

survival and abundance of possums in open grasslands compared with forest 

habitats, and possum abundance decreased in dry but not in wet forest. Possums 

are morphologically adapted to arboreality and rely on short escape distances to 

trees to avoid predators when they do come to the ground (Hollings et al. 2015). 

Open grasslands provide little opportunity for possums to escape predators because 

trees are absent or sparse. Devils are also able to access most underground 

burrows dug by wombats that are also used as refuges and dens by possums. Dry 

forest has an open understorey under widely spaced mature eucalypt trees, 

exposing possums to higher predation risk than in wet forest. Wet forest is 

structurally more complex, with tightly spaced trees and dense understorey 

vegetation. Individual possums whose home ranges were completely within open 

grassland, and who denned at ground level, were most susceptible to devil 

predation. Within five years of the devil introduction, surviving possums were 

restricted to forest habitats and to using arboreal tree hollows as den sites. The 

mechanism driving this contraction in possum habitat breadth is most likely to be a 
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strong direct effect of predation by devils, coupled with an increased perception of 

risk, that has triggered a shift in the behaviour of possums.  

The rapid, island-wide reduction in population size of possums suggests that the 

direct effects of predation by devils was the primary cause. This interpretation is 

supported by four pieces of evidence. First, 50% of the GPS-collared possums in our 

study, as well as non-collared possums in the shearwater colonies on Maria Island 

(Chapter 2), were killed by devils in open habitats. Similarly, restoration of top 

predators to their historic ranges in the USA, Europe and Africa resulted in initial high 

mortality and swift decreases in populations of native ungulates (Berger, Swenson & 

Persson 2001;Creel & Christianson 2008;Ford et al. 2015). Second, the reduction of 

possum abundance in open grasslands was not matched by corresponding 

increases in forest habitats, suggesting that devils reduced the overall abundance of 

possums rather than driving a retreat of possums from grasslands into forested 

habitats. Likewise, it is possible that the decline in possum abundance within dry but 

not in wet forests could be attributed to increased mortality. Possums frequently 

move to the ground to forage, and escape distances to trees would be greater in dry 

than in wet forests. Third, possums comprised 23% of the diet of devils on Maria 

Island from 2012-2015 (Rogers et al. 2016) compared to 6.2% across a number of 

sites on mainland Tasmania (Andersen et al. 2017). This contrast in devil diets 

suggests that possums were abundant and easy prey for devils on Maria Island 

during the period of devil population growth. Fourth, contrary to expectations of prey 

avoiding predators, devil activity had a small but positive effect on the probability of 

detecting a possum on cameras. This may also reflect possum’s naivety to devils 

during the years of rapid population growth where they were ambushed by devils at 

the lure station (Scoleri, pers obs). Major changes in predator population size are 

expected to influence changes in the population size of their prey. The control of 

invasive red foxes (Vulpes Vulpes) in Western Australia, for example, led to an 

increase in brushtail possum populations (Saunders et al. 1995).  

Increasing devil abundance on Maria Island would also exert strong pressure on 

individual possums to change their behaviour, either spatially or temporally. 

Behavioural plasticity allows a rapid response in risk-sensitive foraging behaviours, 

including the ‘landscapes of fear’ exerted by predators (Laundre, Hernandez & 
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Altendorf 2001). The reintroduction of top predators into ecosystems from which they 

were extirpated, for example, is reported to induce swift reinstatement of antipredator 

behaviour (Hunter & Skinner 1998;Berger, Swenson & Persson 2001;Laundre, 

Hernandez & Altendorf 2001).On Maria Island, possums reduced their foraging 

distance from trees as devil abundance increased (Cunningham et al. 2019a). This 

behavioural change is expected to be greater in habitats that are less structurally 

complex at ground level. In contrast to Bennetts wallabies, Tasmanian pademelons 

and wombats on Maria Island (Cunningham et al. 2019b), possums did not shift their 

diel activity patterns in response to increasing devil abundance. This suggests that 

the possum’s arboreal adaptations coupled with risk-sensitive ground-foraging 

behaviour may have been sufficient to reduce encounters with devils over time.  

Possums on mainland Australia are sensitive to the level of predation risk, spending 

more time foraging on the ground in the absence of predators (Nersesian, Banks & 

McArthur 2012),where they also demonstrate weaker antipredator behaviours 

(Bannister, Brandle & Moseby 2018). The plasticity indicated by possum behavioural 

changes also applies to other opportunistic omnivore species in the United States 

and Africa which have swiftly responded to the removal of top predators by 

increasing their habitat breadth and abundance (Ginger et al. 2003;Gehrt & Prange 

2007;Taylor et al. 2016).  

Conclusions 

This multi-year study provides a rare demonstration of the impacts from introducing a 

native top predator on both the abundance and habitat breadth of a widespread prey 

species in a terrestrial ecosystem. Results from this study suggest that restoration of 

native top predators may provide an important management tool to assist in limiting 

the abundance and distribution of problematic prey species. Other key 

considerations are the need to address the interplay of restoration efforts such as fire 

regimes and habitat restoration with the need to maintain habitats to support 

populations of predators and prey (Doherty et al. 2015). There are opportunities in 

areas where large predators are returning to human-dominated landscapes to 

experimentally address complex interactions between predators and prey at multiple 

trophic levels (Dorresteijn et al. 2015). With a growing interest globally in restoring 

native top predators, further work should also explore their impacts on invasive 
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species (McNicol et al. 2020) that are one of the main drivers of the global extinction 

crisis (Lowe et al. 2000).  
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predator limits the abundance of 
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Photo: Feral cat on Maria Island, Tasmania 
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Abstract 

Top-predator introductions are gaining interest among conservationists and 

managers for their potential to limit the impacts of invasive species. However, large-

scale manipulative studies that demonstrate the ability of top predators to limit 

invasive species are rare. Over 5 years, we investigate the impacts of an assisted 

colonisation to an island of an endangered top-predator, the Tasmanian devil 

(Sarcophilus harrisii), on two invasive species at different trophic levels: the smaller  

feral cat (Felis catus), which before the arrival of devils was the largest predator on 

the island, and the black rat (Rattus rattus), which is important small prey for cats. A 

site on the adjacent Tasmanian mainland with a low and stable devil population 

served as a control. Following introduction, the abundance of cats declined by 50% 

as the devil population on Maria Island increased over the period 2013-2017, 

whereas cat abundance remained stable at the control site. Detections of black rats 

on Maria Island also declined, compared to the control site which showed increased. 

These results present a case of a top predator influencing the abundance of two 

invasive species at lower trophic levels, suggesting an important role for top 

predators in ecosystem restoration.   
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Introduction  

Top predators are often considered keystone species in maintaining biodiversity by 

controlling the abundance and distribution of both herbivores and mesopredators 

(Crooks & Soulé 1999; Terborgh et al. 2001; Ripple et al. 2014). Top predators are 

declining worldwide (Ripple et al. 2014) and there is increasing interest in restoring 

them to ecosystems, both to secure their populations and also to harness their 

ecological functions to prevent further biodiversity loss (Wallach et al. 2010; Estes et 

al. 2011; Ritchie et al. 2012; Hollings et al. 2015).  

One of the major threats to biodiversity that could be addressed by restoring native 

top predators is the impact of invasive species, especially invasive mesopredators 

(Bruno & Cardinale 2008; Ritchie & Johnson 2009; Wallach et al. 2010; Derham et 

al. 2018). Invasive species are major contributors to the global extinction crisis (Sala 

et al. 2000; Maxwell et al. 2016). Top predators can potentially limit their populations 

and thereby protect species that would otherwise be threatened by them (Wallach et 

al. 2010; Estes et al. 2011; Hollings et al. 2015). A small number of natural 

recoveries of native top predators into their historical ranges demonstrates their 

potential in reducing the abundance and impacts of established invasive species. In 

Europe, for example, naturally recovering Eurasian otter (Lutra lutra) and polecat 

(Mustela putorius) populations limit invasive American mink (Mustela vison) through 

interference competition (Bonesi et al. 2004; Harrington et al. 2009), while European 

pine martins (Sciurus vulgaris) limit the distribution of invasive grey squirrels 

(Sciurus carolinensis), providing a net benefit for the native red squirrel (S. vulgaris) 

(Sheehy & Lawton 2014). While these examples are compelling, long-term 

manipulative experiments that provide robust evidence of the effects of top-predator 

introduction or recovery on the abundance and impacts of invasive species are 

largely absent (Alston et al. 2019). 

Effective control of invasive species, including cats and invasive rodents such as 

black rats (Rattus rattus), is a core objective of many mammal and bird conservation 

initiatives (Myers et al. 2000; Nogales et al. 2004; Howald et al. 2007). Invasive 

rodents have among the highest intrinsic rate of increase of any mammals (Russell 

et al. 2014) and often co-occur with cats, for which they are major prey, supporting 
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high cat densities which can result in “hyperpredation” on native prey species (Smith 

& Quin 1996). Both cats and black rats have had dramatic impacts on ecosystems, 

particularly on offshore islands, and are listed among the 100 most destructive 

invasive species in the world (Lowe et al. 2000). Cats and black rats have been 

implicated in 44% of modern bird, mammal and reptile species extinctions (Doherty 

et al. 2016). In cases where cats have been removed on offshore islands, numerical 

releases of rats have been theoretically modelled and are often expected to occur 

(Courchamp et al. 1999). However, field studies suggest more complex and indirect 

interactions between cats and species with a high intrinsic rate of increase such as 

rats. For example, the removal of cats from Little Barrier Island near New Zealand 

resulted in decreased success of petrels which only improved after rats were 

eradicated (Rayner et al. 2007). While rats maybe implicated in the poor success of 

petrels this did not coincide with a numerical increase in rats (Girardet et al. 2001) 

suggesting a behavioral response (e.g. increased activity, home range) by rats 

(Ringler et al. 2015). Further, Ringler et al. 2015 found the reduction of cat 

abundance on Juan de Nova in the Indian Ocean did not result in a numerical 

release of rats suggesting their populations are primarily driven by bottom-up effects 

of resource availability and habitat structure.  

Tasmania’s top predator — the Tasmanian devil (Sarcophilus harrisii) — is the 

world’s largest (5-14 kg) surviving marsupial carnivore, now restricted to the island 

state of Tasmania, Australia (Jones et al. 2007).  Devils are solitary nocturnal 

predators but have specialised morphological adaptations for scavenging (Jones 

2003) where they both kill and scavenge on a broad range of prey, from small frogs 

and insects (0.01 kg) to large macropods (>7 kg) (Andersen et al. 2017). As devils 

can maintain high densities (~2.9 per km²) this suggests that they may have the 

ability to provide both top-down and bottom up suppressive effects through predation 

Chapter 3) and competition for limited prey (Chapter 2) or resources such as carrion 

(Cunningham et al. 2018).  

Since 1996 devil populations have severely declined due to a transmissible cancer 

(devil facial tumor disease, hereafter DFTD). DFTD has spread through most of the 

devil’s natural range, causing an overall population decline of more than 80% 

(Lazenby et al. 2018) with local declines of up to 95% (McCallum et al. 2009). Field 
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studies suggest that reduced devil abundance has released cats and black rats, and 

this may have resulted in declines in some native small and medium-sized mammal 

species (Hollings et al. 2014; Hollings et al. 2015). The mechanism (e.g. competitive 

suppression, predation or combinations thereof) which maybe responsible for these 

declines in cat and rat abundance from this study are unknown.   

In response to concern that devils could go extinct in the wild, devils were introduced 

to Maria Island National Park, a 100 km² island off the east coast of Tasmania, to 

establish a wild insurance population of devils free from DFTD. In this study, we use 

the introduction of devils to Maria Island to test the effects of devils on cats and black 

rats. Black rats are important prey for cats on Maria Island (STDP 2019) but they 

may also be opportunistic prey for devils, particularly smaller and more agile 

juveniles (Jones & Barmuta 1998; Pemberton et al. 2008; Andersen et al. 2017). A 

total of 28 devils were introduced to Maria Island from 2012 to 2013 (Wise et al. 

2016) and the population increased to an estimated ~90 by 2017, within the range of 

the prior estimate of Maria Island’s carrying capacity of between 80-120 animals 

(Jones & McCallum 2007). Using camera traps on Maria Island and at a control site 

on the adjacent Tasmanian mainland with a low and stable devil population, we 

identified individual cats from camera images over a 5-year period as the devil 

population increased. Camera images of black rats were also used to provide an 

index of abundance at both sites. We expected two plausible hypothesis for this 

study. The introduction and increasing abundance of devils on Maria Island would 

reduce the abundance of both cats and black rats as suggested in previous field 

studies (Fig.1). Or, devils would reduce the abundance of cats, and that this in turn 

could result in predatory release of black rats on Maria Island (Fig.1).  
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Figure 1. (A). Hypothesised interactions between devils, cats and black rats following the 

translocation of devils to Maria Island (100 km²), Tasmania. We expected that devils may 

reduce the abundance of both cats and black rats as demonstrated by Hollings et.al 2015. Or, 

devils may limit the abundance of cats through competitive suppression, potentially both 

exploitation and interference competition, and that this would in turn release black rats from 

predation. (B) Map of the study area in Tasmania (inset) and locations of camera sites used at 

the control site and Maria Island in wet and dry forest habitats from 2013-2017.  

Methods 

Study area 

This study was conducted at two sites on the east coast of Tasmania, Australia from 

2013-2017 (Fig.1). Devils were introduced to Maria Island, the entirety of which is a 

National Park (7672-ha), located 4 km off the east coast Tasmania. The control site 

was located (42.663891, 147.421112) on the adjacent Tasmanian mainland in an 

area with similar climate, topography and vegetation to Maria Island (Chapter 3). 

Maria Island and the control site are dominated by dry eucalypt forest (hereafter dry 

forest) dominated by Eucalyptus globulus, E. obliqua, E. pulchella and E amygdalina. 

The dry forest category, as used here, also included vegetation in dune areas and 

dry heaths along the coast of Maria Island and the control site. Wet eucalypt forest 

(hereafter wet forest) incorporated vegetation on the Maria range as these sites were 

higher, wetter and more complex than dry forest. This category includes several 

distinct habitat types: tall woodland on talus; plateau shelf tall-open forest, tall 
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woodland with wet sclerophyll understory; and mountain-top heath (PWS 1998) (Fig. 

1).  

Maria Island was settled by Europeans in 1825, which saw the first introduction of 

invasive predators: cats and black rats. A period of pastoralism on Maria Island saw 

the introduction of more cats in 1956 and the clearing of some native vegetation to 

create open grassland, which currently makes up approximately 5.5% of the island 

area (PWS 1998). Maria Island was declared a National Park in 1972 and no longer 

has permanent residents other than three permanent National Park Rangers 

(Wakefield 1962; Thalmann et al. 2016). No rubbish dumps are located on the island 

and all waste is removed by boat to the Tasmanian mainland (PWS 1998).  

Camera surveys 

We deployed passive infrared motion camera traps Reconyx (Wisconsin, USA-

PC600 & 800’s) on Maria Island (n= ~ 70) and the mainland control site (n=50) from 

2013-2017 (Fig. 2). Surveys were conducted twice per year on Maria Island: once in 

summer when prey are most available, and once in winter when prey availability is 

lower. Cameras were deployed for a minimum of 28 days. Camera surveys were 

only conducted once annually at the control site, during winter. Over the course of 

the study, we deployed 700 cameras for a total of 41,478 camera nights (Fig.1.C, 

Appendix B).    

Cameras were spaced at least ~ 500 m apart and attached to a tree or post at ~1.5 

m off the ground. Cameras were angled down at the area directly beneath a 

suspended lure situated on an animal trail or small clearing to maximise animal 

detections. The lure consisted of a PVC canister containing a general-purpose bait 

mix and visual lure as outlined in Chapter 2. Cameras were programmed as per 

Chapter 2 and were distributed proportionately between two habitat types consisting 

primarily of dry and wet sclerophyll forest.  

Statistical analysis 

i. Devils and rats 

Using the first 28 days of each camera survey, we classified detections of species as 

independent events that were separated by at least 30 minutes. This resulted in a 

count of independent detections of devils and rats for each camera, which we used 
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as an index of abundance (Linkie & Ridout 2011; Brook et al. 2012). We modelled 

devil and rat detections using generalized linear mixed models (GLMMs) with a 

poisson and negative binomial distribution respectively. Both devils and possums 

were modelled in R using the package lme4 (Bates et al. 2015) and glmmTMB 

(Brooks et al. 2017) respectively. To test for differences in detections through time 

between Maria Island and the control site, we included an interaction between 

‘location’ (Maria Island or Control) and ‘year’ (2013-2017). We additionally included 

explanatory variables for ‘season’ (summer and winter) and ‘vegetation type’ (wet 

forest and dry forest), because these variables could influence a species’ abundance 

or detectability. We compared all simpler combinations of these variables using 

Akaike’s Information Criterion (AIC) (Burnham & Anderson 2004) and used relative 

importance to asses top fitting models. Effects plots of the winning models were 

visualized using ggeffects (Lüdecke 2018). We checked plots of residuals and tested 

for overdispersion (using the DHARMa package (Hartig 2019) in R) to ensure 

statistical assumptions were met.  

ii. Cats  

We estimated the abundance of cats in each survey using mark-resight modelling, 

which is used to estimate abundance when some but not all individuals can be 

distinguished in camera images (McClintock et al. 2009). Mark-resight modelling has 

been used successfully to model cat abundance on the Australian mainland 

(McGregor et al. 2015). We first identified photos of cats to the individual level where 

possible, based on unique pelage markings, and created an encounter history for 

each individual cat and each survey. Most observed cats had ‘tabby’ patterns, which 

generally allow identification of individuals. Images of cats with pelage that ought to 

have allowed discrimination of individuals but where this was not possible because 

the images were partial or of poor quality were labelled as ‘marked unknown’. 

Images of completely black cats with no distinguishing markings were labelled as 

‘unmarked’. 

The encounter histories for each primary sampling interval (i.e. each survey) 

consisted of the total number of times an individual was encountered. For instance, if 

an individual cat was detected four times, its encounter history was ‘04’. We also 

included encounter histories for the number of detections of ‘marked unknown’ and 
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‘unmarked’ cats in each survey. In 2017, logistical constraints prevented access to a 

substantial proportion (36%) of camera locations at the control site, which meant the 

effective survey area was considerably smaller than in other years at this site. We 

therefore removed this survey from the analysis.  

We estimated cat abundance using the zero-truncated Poisson log-normal mark-

resight model in the package ‘rMark’ (McClintock et al. 2009; McClintock 2012; 

Laake 2013) in R. This type of mark-resight model derives an estimate of abundance 

by first estimating three parameters: the intercept for the mean resighting rate (α), 

the number of unmarked individuals in the population during the primary sampling 

occasion (U), and individual heterogeneity (i.e. in the frequency at which individuals 

in the population encounter cameras) (σ) (McClintock et al. 2009; McClintock 2012). 

Unlike the analysis of devil and rat detections, which used only the first 28 days of 

camera data, we constructed encounter histories based on the entire duration of 

each survey, and then accounted for differences in survey effort by including a 

covariate for survey effort. We constructed 16 biologically plausible models (Table 3; 

Appendix B) by modelling α, U and σ based on the following covariates: ‘survey 

effort’ (total number of camera nights in a survey Figure 1C; Appendix B), ‘site’ 

(Maria Island or control), and ‘survey ID’ (a 12-level categorical variable, with one 

level for each survey). We excluded models if they did not converge. We ranked 

models using AICc model weights (Burnham & Anderson 2004), which revealed a 

clear winning model. From the winning model, we derived estimates of cat 

abundance for each survey (Figure 2), and then modelled the trend in cat abundance 

through time on Maria Island using a generalised additive model with a smooth term 

for ‘year’ (GAM). From the winning mark-resight model, we also derived estimates of 

the mean resighting rate in each survey (Figure 1A; Appendix B) and the probability 

that an individual cat was detected at least once during a survey (Figure 1B; 

Appendix B).  

All analyses were performed on the R Statistical Computing platform (R development 

core Team; version 3.0.11).  
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Results and discussion 

The devil population on Maria Island was censused regularly through a trapping 

program, revealing an increase from ~15 devils in 2012 to ~100 individuals in 2017 

(STDP 2019). Devil abundance from camera traps reflects this trend in known 

population size, showing a rapid increase on Maria Island following their introduction 

in 2012 (Fig 2). Devils increased in both wet and dry forest types on Maria Island 

(Fig. 2) but abundance was higher in dry forests. Conversely, devil abundance 

remained low and stable at the control site (the ‘year’ by ‘site’ interaction carried a 

variable importance of 0.85 and was present in the top-performing models describing 

variation in the devil detection rate; Table 1: Appendix B). Over the same period, the 

population size of cats on Maria Island declined by almost 50% (Fig.2). Abundance 

of cats was higher at the control site and showed no trend through time (Fig.2). In 

most survey periods on Maria Island, individual cats had a mean resighting rate of > 

2.5 and always > 2, which (Gerber et al. 2014) suggest as evidence that the 

population was nearly completely censused  (Fig.1, Appendix B). In 2015 and 2016, 

a very high mean resighting rate (> 6) and probability (> 0.95) of sighting an 

individual at least once provides high confidence that the population was nearly 

censused (Fig 1, Appendix B). Like cat abundance, black rat abundance also 

declined from 2013 to 2017 on Maria Island but remained stable at the control site 

(interaction between ‘year’ and ‘site’ was present in the best performing GLMM; 

Table 2, Appendix B). The decline in rat detections on Maria Island occurred in both 

wet and dry forest habitats, suggesting an overall decrease in black rats across the 

island (Fig 2).  

Cat abundance at the control site was slightly higher than on Maria Island before the 

introduction of devils. This higher abundance could arise because the control site 

was geographically unbounded, which means the “superpopulation” of cats that are 

available for detection is larger (Kendall 1999). This hypothesis is supported by the 

lower probability of capture and mean resighting rate (< 2) at the control site 

(Appendix B, Fig 1A-B), which suggests cats are using habitat beyond the camera 

array. The key point is that cat abundance declined by 50% on Maria Island while 

remaining stable at the control site. This suggests the two sites were comparable 
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with respect to factors influencing abundance of cats, other than abundance of 

devils.  

 

 
 

Figure 2. (A). Introduction and increase of the devil population on Maria Island resulted in the 

decline of both cats and black rats, contradicting our hypothesis of a release of black rats 

following suppression of cats by devils (Figure 1, A). (B) Plots of devil and black rat 

detections, predicted from GLMM models (Table 1 and 2, Appendix B), and estimates of cat 

abundance, derived from mark-resight models, at Maria Island and the control site from 2013-

2017 (Table 3, Appendix B). We modelled the trend in cat abundance on Maria Island using a 

generalised additive model (p-value of ‘year’ = 0.0001, edf = 2.086, F = 8.517, R2adj = 0.90).  

This long-term manipulative experiment provides a rare demonstration that a top 

predator is capable of limiting invasive species at two different trophic levels. In 

Tasmania, these results add strong support to the body of evidence that devils limit 

the abundance of cats. Hollings et al. (2014) demonstrated an increase in cat 

detections with devil decline across the Tasmanian mainland using two independent 

- 

- 

A. B. 
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methods: long-term longitudinal spotlighting data and a space-for-time study using 

hair snares (Hollings et al. (2015). Further, Cunningham et al. (2019), using a larger 

data set including data from Maria Island, demonstrated that and change in temporal 

activity was small in response to declining or increasing devil abundance in 

Tasmania, suggesting the increase in nocturnal spotlight detections of cats was not 

caused by a shift in temporal activity following decline of devils, as proposed by 

(Fancourt et al. 2015). 

Our results also suggest that devils may limit the abundance of black rats. This 

agrees with findings from mainland Tasmania that black rats are more abundant in 

areas of severe, long-term devil decline (Hollings et al. 2015), and supports our first 

hypothesis but is contrary to our second hypothesis that suppression of cats would 

result in a predatory or competitive release of rats.  

The low density of cats on Maria Island, prior to devil introduction, may have limited 

their top-down influence on black rat populations. Cat densities on Maria Island were 

~0.15 cats/km², prior to devil introduction, which is within the range of estimates on 

the Australian and Tasmanian mainland but lower than expected for similar-sized 

offshore islands (Legge et al. 2017). It is possible that cat density on Maria Island 

was too low to exert significant control on the black rat population, so that reduction 

of the density of cats following introduction of devils did not result in release of black 

rats. Given the high intrinsic rate of increase of the black rat (Hone et al. 2010), a 

high density of cats would be needed to limit their density through predation. 

Excluding populations on small islands, black rat populations are more commonly 

regulated by bottom-up influences such as rainfall and food availability (Meserve et 

al. 2003; Bonnaud et al. 2010; Scroggie et al. 2018).  

Devils may have reduced cat abundance by direct predation or competitive intraguild 

killings. While we lack direct evidence from Maria Island of devils killing cats, there is 

circumstantial evidence that the presence of devils may have resulted in increased 

mortality of young cats, which are probably most vulnerable to predators. Kittens 

were detected on camera only during the early years of the study (2013-2015), when 

devils were at low abundance; no kittens were detected once devils reached high 

abundance. Because cats are solitary and lack paternal care, kittens are likely to be 

vulnerable to predation by devils at maternal dens when the mother is hunting 
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(Jones et al. 2007). Recruitment failure of cats has been documented elsewhere in 

the presence of larger predators such as red foxes and dingoes on the Australian 

mainland (Burrows et al. 2003), including in an experimental introduction of dingoes 

and foxes to a large enclosure (Moseby et al. 2012). Predation by devils may also 

contribute to the decline in black rat detections on Maria Islands. Black rats and 

other rodents contribute a small proportion of the diet of devils on Maria Island and 

on mainland Tasmania, (Rogers et al. 2016; Andersen et al. 2017), suggesting they 

may have predatory impacts on rats at high abundance but may also change the 

behaviour of rats by reducing their activity (Ringler et al. 2015).  

Devils may have created a landscape of fear for black rats and cats, equivalent to 

that on mainland Tasmania, which can result in reduced foraging efficiency and 

lower fecundity. Cats are shown to avoid devils at small spatial scales on Maria 

Island and the Tasmanian mainland (Lazenby & Dickman 2013), which may result in 

decreased hunting and foraging efficiency (Chapter 2). At high devil abundance 

kittens may also reduce their activity, and thus detection probability on cameras, to 

avoid potential conflicts with devils. Black rats are highly sensitive to the risk of 

predation and are highly neophobic (Barnett 1956), and while devils may not be 

significant predators, at high abundance this new predator on the island may present 

a threat to black rats. On exposure to predation threat, black rats alter their activity, 

causing reduced foraging efficiency and fecundity (Apfelbach et al. 2005; Bytheway 

et al. 2013; Themb’alilahlwa et al. 2017). In other predator assemblages, larger 

predators influence spatial behaviour, and reduce foraging efficiency and 

reproductive success of smaller predators. For example, dingoes in mainland 

Australia limit spatial habitat use in feral cats (Edwards et al. 2001; Mitchell & Banks 

2005; Brook et al. 2012) which could reduce fitness of the cats. In Africa, cheetah 

(Acinonyx jubatus) maintain higher reproductive success in areas of low top predator 

densities (Durant 2000) and in Finland reintroduction of native white bellied sea 

eagles (Haliaeetus leucogaster) resulted in the decreased foraging efficiency of 

invasive American mink (Salo et al. 2008).   

It is possible that devils limit the abundance of both cats and black rats through 

exploitative competition for limited resources, particularly seasonally-available 

seabird colonies, and carrion. Before devil translocation, Maria Island supported a 
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small colony (<300 pairs) of a burrow-nesting seabird, the short-tailed shearwater 

(Puffinus tenuirostris, hereafter ‘shearwater’) (Lee et al. 2011). From November to 

April this colony provided a rich seasonal food resource for cats, in the form of adult 

and chick shearwaters (Scoleri et al. 2020). At least 5 individual cats focussed their 

activity on the colony when shearwaters were present. Rats were also recorded on 

the seabird colony but at very low detection rates, suggesting low abundance 

(Scoleri et al. 2020). Devils, with their ability to dig birds out of burrows, rapidly 

extirpated the colony once devil abundance became high. The loss of this food 

resource may have resulted in reduced fitness and survival for the cats that used the 

colony (Scoleri et al. 2020); similar effects have been demonstrated in other study 

systems (Orsdol et al. 1985; Harper 2005; Mutze 2017). However, in some situations 

cats switch to other prey when one prey type becomes unavailable (Catling 1988; 

Molsher et al. 1999; Russell 2011) and both cats and rats scavenge on carrion in 

times of low prey availability (Jones 1977; Catling 1988; Langham 1990; Paltridge et 

al. 1997; Molsher et al. 1999; Imber et al. 2000).  

At high abundance, devils may have removed other types of carrion as a food source 

for cats and black rats. Carrion, deriving from the abundant populations of marsupial 

herbivores on Maria Island (Ingram 2018), may have been an important food 

resource for both cats and black rats before devil introduction, particularly during 

winter and periods of low prey/resource availability (Jones 1977; Catling 1988; 

Paltridge et al. 1997). Devils are morphologically specialized scavengers (Jones & 

Barmuta 1998; Jones et al. 2003), and at high abundance they significantly reduce 

carrion availability for other carnivores (Cunningham et al. 2018). They are also 

behaviourally dominant over smaller carnivores, including cats. On the Tasmanian 

mainland, cats scavenged more in long-diseased areas of low devil abundance, 

where carrion lasts ~2.6 times longer in the environment (Cunningham et al. 2018). 

Dominant scavengers can act as a major competitor to subordinate species with 

regard to carrion resources in ecological communities (Cortés-Avizanda et al. 2012; 

Allen et al. 2015). The importance of carrion resources in driving and structuring 

ecological communities is increasingly being recognized (Wilson & Wolkovich 2011).   
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Conclusions 

There is increasing interest, globally, in using predator introductions to assist in the 

restoration of ecosystems and limit the impacts of invasive species (Ritchie et al. 

2012). This study provides the first long-term manipulative experiment demonstrating 

that the restoration of top predators can assist with management of invasive species. 

Feral cats and invasive rodents are both major drivers of Australia’s current 

extinction crisis (Woinarski et al. 2015). This study provides compelling support for 

the case that the restoration of devils to mainland Tasmania and the Australian 

mainland, where they were once widespread, could result in important ecological 

benefits (Ritchie et al. 2012; Hunter et al. 2015; Sweeney et al. 2019; Westaway et 

al. 2019). Further manipulative studies examining how the mechanisms in this study 

can be applied to larger landmasses with a different suite of predators and prey are 

warranted. The important question for species conservation is whether the positive 

role of top-predator restoration will suppress invasive species and counteract 

predation on native species providing a net benefit for biodiversity.   
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Chapter 5: General Discussion 

 

 

  

  

Photo: Tasmanian devil on Mara Island, Tasmania 
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Trade-offs in species conservation 

The thesis used a rare case of assisted colonisation to an offshore island to 

investigate the effects of a native top predator on an invasive predator and an 

abundant prey species, and in the process highlights the potential trade-offs between 

conservation goals entailed by such actions. The Tasmanian devil (Sarcophilus 

harrisii) was translocated to Maria Island, 4 km off the east coast of Tasmania, in 

2012/13 to create a free-living insurance population separated from a novel 

transmissible cancer (DFTD) that had caused a decline of more than 80% in wild 

populations (Lazenby et al. 2018; Wise et al. 2016). Historically, Maria Island lacked 

native terrestrial predators but arboreal common brushtail possums (Trichosurus 

vulpecula) were abundant since they were first introduced in the 1950s. Invasive 

feral cats (Felis catus) and black rats (Rattus rattus) were also introduced to Maria 

Island by European settlers (Rounsevell 1985; Wakefield 1962). Both cats and 

possums preyed on seasonal colonial nesting seabirds. The case study provides a 

unique insight into the ways in which top predators provide ecological benefits, and 

also reveals tensions between conservation actions and their impacts on native and 

invasive species, which are often difficult to predict.  

Top predators in ecosystems 

The introduction of devils to Maria Island provided the opportunity to investigate how 

top predators interact with key prey and invasive species and how they can assist in 

ecosystem restoration. As top predators are declining worldwide (Estes et al. 2011), 

most studies of the ecological effects of top predators have focused on the effects of 

their removal or decline from ecosystems (Alston et al. 2019). Few long-term 

manipulative studies have investigated the effects on other species of increasing 

abundance of top predators, and few of those have considered impacts on invasive 

species (Allen et al. 2017; Alston et al. 2019; Hayward et al. 2015). The natural 

recovery of top predators in Europe provides some interesting case studies of 

increasing populations of top predators, but most of these are correlative and have 

unfolded in landscapes that are strongly controlled by anthropogenic activities that 

mask the natural ecological effects of predators (Alston et al. 2019; Dorresteijn et al. 

2015; Elmhagen et al. 2010; Elmhagen and Rushton 2007). My study considers the 

increase, over 5 years, in abundance of a top predator translocated to an offshore 



97 
 
 

island with little human influence (Rogers et al. 2016), while an adjacent site on the 

mainland with a low and stable predator population served as a control. Such studies 

are crucial because predators typically interact strongly with other species and their 

introduction to naïve ecosystems can affect the abundance and behaviour of both 

predators and prey through complex combinations of lethal and non-lethal effects 

(Creel and Christianson 2008; Palomares and Caro 1999; Ripple and Beschta 2004).  

Effects of increasing devil abundance 

A summary of the ways in which devils have affected both native and invasive 

species on Maria Island is presented in Figure 1. This highlights the pathways of 

trophic effects that were investigated in this study.  

 

Figure 1. The assisted colonisation and population growth of Tasmanian devils on Maria Island 

in 2012/2013 reduced the abundance and altered the behaviour of key prey and invasive 

species at different trophic levels. The suppressive effects that may explain these declines are 

either lethal through predation (A) or non-lethal via exploitation and interference competition 

(B). Ongoing work aims to investigate the interactions between devils and other native small-

medium sized mammal species as well as their interactions with invasive black rats.  
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Pathway A represents the influence of direct predation by devils on the abundance of 

shearwaters, cats and possums on Maria Island. Cats and possums were predators 

of seasonally available short-tailed shearwaters (Puffinus tenuirostris) (Chapter 2). 

Given the small size of the colony when this research began, it is likely that the 

combined effects of predation by possums and cats threatened the survival of the 

colony and may have been at least partly responsible for past declines. The sudden 

presence of devils on Maria Island was associated over time with reduced activity of 

the other two predators in the vicinity of the shearwater colony (Chapter 2). However, 

devils also preyed on shearwaters, and because of their ability to dig chicks and 

adults out of their burrows they were more destructive than either possums or cats 

(Chapter 2). When devils reached high abundance they extirpated shearwaters, and 

also preyed on other ground-nesting bird species (Chapter 2). Devils were also 

documented preying on possums, killing 50% of GPS-collared individuals (Chapters 

2 and 3). The absence of cat recruitment when devil abundance was high also 

suggests that kittens or younger cats may be vulnerable to predation by devils 

(Chapters 2 and 4).  

Pathway B represents the influence of exploitation and interference competition 

following devil introduction. Devils competed (via exploitative competition) with 

invasive cats and rats for limited resources, such as shearwaters and carrion. This 

may have contributed to the population declines in cats and rats (Chapters 2 and 4). 

Devils potentially induced risk-sensitive foraging behaviours by creating a ‘landscape 

of fear’ for cats and possums that reduced their habitat breadth and foraging 

efficiency (Chapters 2,3 and 4).  

Ongoing work on Maria Island aims to assess whether devils affect the abundance 

and behaviour of other native mammalian species, in addition to exploring the 

competitive interactions between invasive rats and native small mammal species 

(Fig. 1).  

The assisted colonisation of devils to Maria Island has provided new insights into 

how top predators trigger trophic cascades and assist managers in controlling 

overabundant herbivores. Opportunistic species, such as omnivores, are able to 

adapt to changing environmental conditions and may take advantage of resources 

that become available when top predators and their suppressive effects are absent 
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(Cowlishaw 1997; Gehrt and Clark 2003; Gehrt and Prange 2007; Ginger et al. 

2003). The impact of devils on omnivorous possums in this study (Chapter 2 and 3) 

suggests that the introduction of previously absent top predators resulted in rapid 

changes to both abundance and habitat breadth of naïve prey species. Few 

published studies have demonstrated both of these effects (Alston et al. 2019). In 

Africa, restoration of wild dogs (Lycaon pictus) reduced the abundance and habitat 

use of their primary antelope prey, Gunther’s dik-dik (Madoqua guentheri) (Ford et 

al. 2015). Similarly, in Mozambique, restoration of predation risk restored the 

landscape of fear in forest-dwelling bushbuk (Tragelaphus sylvaticus) and they 

retracted their habitat use from open grasslands to more complex forest (Atkins et al. 

2019). These findings support those of the present study suggesting that restoring 

top predators into ecosystems may assist in limiting populations and the habitat use 

of overabundant prey species and reverse the effects of top-predator decline.   

Top predators may also limit the abundance of invasive species. On Maria Island 

devils reduced the abundance of cats while also reducing detections of black rats 

(Chapter 4). This long-term manipulative study adds strong support to the body of 

evidence accumulated elsewhere in Tasmania that devils can limit the abundance of 

invasive species, in particular cats (Cunningham et al. 2019; Hollings et al. 2014; 

Hollings et al. 2015). Globally, the present study is the first documented case of a 

native top predator reducing the abundance of invasive species at different trophic 

levels. These findings concur with other studies indicating that top predators may 

prevent biodiversity loss (Derham et al. 2018; Hollings et al. 2015; Wallach et al. 

2010); this would be a consequence of limiting the abundance and impacts of 

invasive species, such as cats and black rats, which contribute to the decline and 

extinction of many species (Doherty et al. 2016; Lowe et al. 2000).  

Introductions of native top predators may provide benefit for some species, as 

described above, but could harm others. In the present study, devils extirpated 

species of ground-nesting birds within four years of their introduction (Chapter 2). 

Predator introductions can have detrimental impacts on native species that exist on 

islands free from mainland threats, as shown in other research (Bailey 1993; 

Blackburn et al. 2004; Courchamp et al. 2003). Yet, devils coexist with these species 

on mainland Tasmania (Skira et al. 1996) where their negative impacts may be 
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mitigated by increased land area, habitat heterogeneity, and the availability of other 

prey. Critically, the potential impact on breeding of these ground-nesting birds by 

devils was identified as a potential risk of the introduction (DPIWE 2010). However, 

in this particular case, the highly successful establishment of a wild, free-living 

population of endangered devils, was considered to outweigh the loss of small 

breeding colonies of non-endangered, ground-nesting birds. This is a practical and 

moral dilemma that will underpin assisted colonisations for conservation, particularly 

involving predators and islands. 

The costs and benefits of species introductions may change in the future. Before 

devils were introduced to Maria Island in 2012, their long-term persistence appeared 

uncertain. Now, long-term persistence and perhaps natural recovery of devils is 

possible (Wells et al. 2019) through recovery (Pye et al. 2016) and development of 

greater tolerance (Ruiz-Aravena et al. 2018) and resistance (Epstein et al. 2016) to 

the disease. Ongoing monitoring by the Tasmanian government on Maria Island has 

ensured the retention of genetic diversity and that populations are being managed at 

carrying capacity to maximize animal health (STDP 2019). If and as devil populations 

recover naturally in their native range on the Tasmanian mainland, they may be 

removed from Maria Island.  

Future research and implications for management 

A fruitful avenue of research to inform large-scale restorations is to experimentally 

investigate how the effects of top predators play out on larger land-masses with 

different prey and resource availability. Conservation efforts in Australia are largely 

focussed on saving threatened terrestrial mammal species through the use of islands 

and fenced reserves from which their threats, especially invasive predators, can be 

excluded (Abbott 2000; Dickman 2012; Tanentzap and Lloyd 2017). However, 

fences are expensive and require regular maintenance to remain effective (Hayward 

and Kerley 2009). This study highlights the potential for experimental investigation of 

the short and long-term impacts of top predators over moderately large but isolated 

areas populated with different prey and resource availability before larger-scale 

restorations are considered. The degree of suppressive effects of top predators may 

also be density-dependent and regulated by prey availability and ecosystem 
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productivity (Elmhagen et al. 2010; Hollings et al. 2014). Thus, careful evaluation of 

these context-specific factors is warranted prior to any form of restoration.  

If top predators are to be restored to ecosystems to limit the abundance and impact 

of invasive species, it is important to understand the mechanisms involved, and to 

assess whether reduced abundance of the invasive species translates to 

substantially reduced impact. For example, invasive predators such as cats may also 

alter their habitat use in response to top predators (Brook et al. 2012; Kennedy et al. 

2012), and as a result may target some habitats more intensely. In turn, this could 

result in detrimental impacts to isolated populations of species vulnerable to 

predation by cats. This raises the question: does the net benefit of having fewer cats 

in the ecosystem offset isolated impacts by those cats that remain? Evaluation of 

how or if reduced abundance translates to less impact warrants further investigation.  

Restoring devils to the Australian mainland: A case study 

The study has provided evidence that could be used to justify further introductions of 

the Tasmanian devil to gain ecological benefits. In this final section, I consider how 

the lessons learned in this study could be used to evaluate proposals to reintroduce 

devils to mainland Australia. 

Several researchers have advocated the restoration of devils to the Australian 

mainland, where they occurred until ~3500 years ago, to assist in limiting the impacts 

of invasive species and overabundant herbivores (Hunter et al. 2016; Johnston and 

Menz 2019; Ritchie et al. 2012; Sweeney et al. 2019). Devils once occurred over 

almost all the continent, except for true desert, including areas in the south east and 

south west that are environmentally similar to Tasmania (Johnson 2006). This 

suggests these areas would be suitable habitats for devils, as proposed in other 

studies (Hunter et al. 2015; Westaway et al. 2019). Major factors thought to have 

caused devil extirpation on the mainland—dingoes and hunting by Aboriginal 

people—are now largely absent in these parts of Australia (Fleming et al. 2012).  

Results from the present study demonstrate the potential benefits and risks for native 

wildlife and invasive species inherent in such a restoration action. Devils may 

provide a net benefit for small-mammal populations if they can suppress populations 

of invasive cats and black rats in these ecosystems, as found in this study. Further, 
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devils could assist in limiting abundance and habitat utilisation of over-abundant 

medium-sized mammal species, as demonstrated here for common brushtail 

possums (also native to the Australian mainland); such effects could also extend to 

some smaller macropod species. Devils can also decrease carrion availability (from 

overabundant macropods and others) (Cunningham et al. 2018). In this way, they 

could compete with invasive predators, such as the invasive red fox (Vulpes vulpes) 

that rely on scavenging during periods of low prey availability (Catling 1988; Jones 

1977; Paltridge et al. 1997). However, there could also be undesirable, negative 

effects that need to be considered. For example, devils can have detrimental impacts 

on small, isolated populations of ground-nesting birds as demonstrated in this study. 

If they were to be introduced to the Australian mainland, considerations would be 

needed for isolated populations of threatened ground nesting bird species, such as 

the endangered malleefowl (Leipoa ocellata, Johnston and Menz 2019). Predatory 

threats by devils may also extend to slower-moving species (e.g. frogs) and those 

that seek refuge in burrows at night (e.g. reptiles including Varanus spp.). The devil’s 

broad range of prey and unique feeding behaviour indicates that they could 

negatively impact a wide variety of species (Andersen et al. 2017; Owen and 

Pemberton 2011; Pemberton et al. 2008) which could all be addressed in a full-risk 

assessment that identifies species in categories of risk severity.  

Beyond the potential impact of devils on native fauna, the reintroduction of devils as 

a means of supressing feral cats must also consider the interactions with other 

invasive predators and their current management. This is especially the case for the 

red fox, which typically co-occurs with feral cats. Widespread baiting programs for 

foxes are quite effective in reducing abundance but require ongoing application and 

could harm devil populations (Hughes et al. 2011). Currently, the interactions 

between devils and foxes are largely speculative (Hunter et al. 2015) as there is no 

empirical evidence for the ability of devils to suppress fox numbers. In Tasmania, 

there have historically been infrequent, deliberate introductions of foxes since early 

European settlement, but these have never resulted in an established population 

(Saunders 2006). It has been suggested that devils may have played a role in 

preventing the establishment of foxes, possibly by preying on fox cubs before the 

devil population was reduced by the outbreak of DFTD from 1996 (Jones et al. 2007; 

Saunders 2006). However, further work is required to experimentally test if devils 
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may supress foxes but also assess the risks that fox-baiting programs would pose to 

re-introduced devils (e.g. Hughes et al. 2011). 

Socio-economic and social considerations also need to be addressed, especially in 

farming areas where devils prey on young sheep and on poultry (Jones 2003) and 

where farmers are likely to be hostile to larger predators. In large areas of south-

eastern Australia, extensive modification of habitat for agriculture and other 

anthropogenic activities may reduce the suppressive effects of devils on other 

species, as found in the agricultural Midlands region of Tasmania where feral cat 

numbers are driven bottom-up by availability of invasive rabbits as prey (Hollings et 

al. 2014) and with wolves and Lynx in Europe (Elmhagen and Rushton 2007). 

Conversely, fragmentation of native woodland in agricultural areas with increased 

woodland—grassland edges could increase macropod prey for devils (Hamer 2019) 

and increase opportunities to scavenge on carcasses of livestock.  

If political support could be obtained, an experimental restoration of devils is 

warranted to test the effects by which they may impact species found on the 

mainland. Large-scale conservation fences or a fenced peninsula (e.g Johnston and 

Menz 2019) provide unique opportunities to conduct manipulative experiments and 

these areas should be utilised further to test interactions of devils with other species. 

Fenced reserves often lack natural terrestrial predators and can support high 

populations of herbivores, which can result in habitat degradation (Sweeney et al. 

2019). The presence of predators is important for maintaining prey populations and 

antipredator behaviours (Blumstein 2002), which may increase their survival when 

they are reintroduced into their native range where invasive predators exist 

(Bannister et al. 2018; Blumstein et al. 2019; West et al. 2018). Recently, neutered 

cats have been introduced into fenced areas to train native mammals and induce 

risk-sensitive behaviours (West et al. 2018). While devils could be used to the same 

effect, this also provides an opportunity to experimentally test their interactions with 

both native and introduced mammal species, including predators such as foxes and 

cats (e.g. Moseby et al. 2012; West et al. 2019). For restoration of devils to be 

viable, research needs to focus on whether these species are capable of providing a 

net benefit to native biodiversity by reducing the impacts of invasive species. 
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However, socio-economic, political and social influences will also require 

consideration with the result that restoration may not always be feasible.   

Global relevance 

Globally, assisted colonisations of top-predator populations onto offshore islands are 

extremely rare, due to their strong suppressive effects on food webs, and the 

establishment of devils on Maria Island is the only known case study. Strategic plans 

have been proposed for the assisted colonisation of an endangered, medium-sized 

reptile species (300 to 1000 g), the tuatara (Sphenodon punctatus) in New Zealand 

(Miller et al. 2012). Tuataras may also impact island fauna communities by preying 

on seabird chicks, eggs, endangered wetas (Orthoptera: Stenopelmatidae) and 

endemic reptiles (Crook 1973; Fraser 1993; Gibbs 1998), but assisted colonisations 

would go a long way to securing their long term future (Miller et al. 2012). Assisted 

colonisations or restorations (e.g. wolves into Yellowstone) of predators to their 

former distributions should be considered, particularly if overall benefits to 

biodiversity can be established, including limiting the impacts of invasive species. A 

careful approach to assisted translocations or restorations can provide net benefits 

for species conservation particularly when the costs of sustaining captive populations 

are high or there is urgency for species recovery.  

Conclusion 

Continuing habitat loss, fragmentation, and environmental climate change coupled 

with ongoing decline of native species in their natural ranges mean that restoration of 

viable free‐ranging animal populations can seldom be achieved by reliance on 

natural recruitment and dispersal alone (Hoegh-Guldberg et al. 2008). Assisted 

colonisations or restorations may be warranted to overcome these limitations if we 

are to conserve species, including predators (Seddon et al. 2014). Assessing the 

trade-offs between the costs and benefits of such actions will become increasingly 

more important in decision-making and policy if we are to conserve these species, 

including top-predators and harness their impacts on ecosystems. In some cases, 

restoration of top predators may not be the best option. While we need bold new 

approaches in species conservation, and top predators may do valuable service in 

stemming biodiversity loss (Doherty et al. 2015), the success of such measures 
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depends on careful consideration of potential constraints including habitat suitability, 

social attitudes, existing control programs along with the unintended consequences 

for native biodiversity.  

The results of this large-scale long-term manipulative study demonstrate the 

potential for top-predators to limit the abundance of overabundant species while 

providing a compelling example of their impacts on invasive species that are 

detrimental to ecosystem biodiversity and function. The present study highlights the 

trade-offs involved in restoring or introducing top-predators into ecosystems where 

they have long been absent. It reinforces the need for robust, experimental data 

regarding the potential impacts of predators, such as devils at all trophic levels. 

Without these types of data, making informed judgements on whether the benefits of 

an introduction of devils onto mainland Australia are likely to outweigh the potential 

negative, unexpected consequences will continue to generate ongoing scientific, 

political and social conjecture.  
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Appendices 

Appendix A. Supplementary information (Chapter 3) 

Figure 1. Location of study sites on the east coast of Tasmania, Australia (inset). Devils were 
introduced to Maria Island in 2012/2013.  The control site was located on the adjacent mainland 
where a low and stable devil population occurs naturally. Camera traps were distributed in 
both wet and dry forests, and open grassland habitats. Possum densities were monitored in 
open habitats (~1000 ha) on Maria Island by spotlight surveys from 2010-2018. Individual 
possums were fitted with GPS collars at Point Lesueur on Maria Island from 2014-2015.   
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Figure 2. Home range areas calculated for 18 GPS collared possums within open grasslands 

and dry forest habitats with access to trees at Point Lesueur, on Maria Island (inset) from 

March 2014-June 2015.   



112 
 
 

Table 1. Summary of home range and habitat results from possums that were fitted with GPS collars from February 2012-June 2015 on Maria Island, Tasmania, 

Australia.  

 
Possum ID Sex Weight Date 

collared 
Date 

removed 
Home 
range 
(ha) 

Closed Open % 
closed 

% 
open 

Last den or 
tracked location 

Den Fate 

1 Banchee F 2.9 21/02/2015 18/06/2015 15.84 4.86 10.97 30.71 69.29 tree hollow tree Survived 

2 Glenorchy F 3.6 17/04/2014 20/05/2014 9.11 0 9.11 0 100 dune ground Killed 

3 Pooey F 4.1 11/02/2014 24/04/2015 9.71 0 9.71 0 100 boulders ground survived 

4 Prascilla F 3.1 20/06/2014 18/09/2014 34.28 14.66 19.63 42.75 57.25 tree hollow tree Survived 

5 Zombie F 3.1 30/04/2014 21/05/2014 33.34 0 33.34 0 100 bracken fern ground Unknown 

6 Sirloin F 3.5 19/03/2014 19/06/2014 NA 0 NA 0 100 sand dune ground Killed 

7 P4 F 3.5 11/02/2014 14/04/2014 NA 0 NA 0 100 sand dune ground Unknown 

8 P6 F 3.4 12/02/2014 18/03/2014 NA 0 NA 0 100 sand dune ground Unknown 

9 P3 F 3.6 16/04/2014 21/05/2014 7.95 0 7.95 0 100 sand dune ground Killed 

10 Barry White M NA 12/08/2014 12/11/2014 31.68 1.79 29.89 5.65 94.35 boulders ground Unknown 

11 Batman M 3.1 13/02/2014 18/09/2014 10.75 0 10.75 0 100 boulders ground Killed 

12 Bitey M 2.6 16/12/2014 20/02/2015 8.94 0 8.94 0 100 sand dune ground Unknown 

13 Brazil M 1.4 12/02/2014 30/04/2014 32.18 0 32.18 0 100 sand dune ground Killed 

14 Kayne M 2.6 20/06/2014 17/08/2014 41.34 1.92 39.42 4.64 95.36 paddock/grassland ground Unknown 

15 Knuckles M 2.7 21/05/2014 12/11/2014 24.01 0 24.01 0 100 boulders ground Unknown 

16 MCA M 3 12/08/2014 22/02/2015 22.66 13.48 9.18 59.48 40.52 tree hollow tree Survived 

17 Porterhouse M NA 20/05/2014 19/06/2014 10.74 0 10.74 0 100 boulders ground Killed 

18 Robin M 3.1 16/04/2014 20/05/2014 16.21 0 16.21 0 100 sand dune ground Killed 

19 Shaggy M NA 12/08/2014 12/11/2014 47.05 7.73 39.33 16.42 83.58 sand dune ground Killed 

20 The Rock M 3.8 16/04/2014 20/06/2014 16.37 0.02 16.35 0.12 99.88 wombat burrow ground Killed 

21 Yellow Belly M 2.5 16/11/2014 2/03/2015 27.57 4.79 22.78 17.36 82.64 tree hollow tree Unknown 

22 Hannibal M 3.5 11/02/2014 30/04/2014 NA 0 NA 0 100 wombat burrow ground Killed 

23 Ozzie M 3 17/04/2014 20/05/2014 NA 0 NA 0 100 wombat burrow ground Killed 

24 P1 M 3.9 18/03/2014 16/04/2014 NA 0 NA 0 100 sand dune ground Killed 

25 P2 M 4 13/02/2014 14/04/2014 NA 0 NA 0 100 bush ground Killed 

26 P5 M NA 12/02/2014 18/03/2014 NA 0 NA 0 100 sand dune ground Unknown 
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Figure 3. Kernel density estimates (KDEs) of brush-tailed possum temporal activity on Maria 

Island comparing activity in years when the devil population was “low” (2013/14) and “high” 

(2016/2017) on Maria Island.  A non-parametric Watson-Wheeler test was used to test these 

curves for homogeneity.  
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Table 2. Model selection tables for estimating the overall abundance of Tasmanian devils and 

brushtail possums on Maria Island and the control site at Rheban. Estimates were derived using 

the N-mixture model which model abundance as well as detection probability. For both species, 

we present all models tested within < 2 ΔAIC, as well as the null model. 

 

  

Possum detection  
(Maria Island vs Rheban)       

Model Int Lure Age 
Season 
(Winter) Devil det Lure Age² df AICc Weight 

2 
-0.01 
(0.15) 

-0.87 
(0.12) 

-0.01  
(0.08) 

0.15 
(0.16) 

0.12 
(0.02) 11 7673.2 1.00 

Null 
-1.07 
(0.06) - - - - 7 393.8 0 

RI - 1.00 1.00 1.00 1.00 - - - 

         
Possum abundance  
(Maria Island vs Rheban)       

Model Int 
Location  

(Maria Island) Year Year² Location*Year df AICc Weight 

2 
1.83 

(0.08) 
-0.03 
(0.07) 

0.10 
(0.03) 

0.01 
(0.02) 

-0.32 
(0.04) 11 7673.2 1.00 

Null 
1.82 

(0.04) - - - - 6 7865.8 0 

RI - 1.00 1.00 1.00 1.00 - - - 

         

Devil detection  
(Maria Island vs Rheban)       

Model Int Lure Age 
Season 
(Winter) Lure Age² df AICc Weight  

2 
0.34 

(0.17) 
-0.99 
(0.13) 

0.43  
(0.07) 

0.12 
(0.03) 10 6312.79 0.85  

Null 
-1.2 

(0.07) - - - 7 
 
6793.4 0.00  

RI - 1.00 1.00 1.00 - - -  

         
Devil abundance  
(Maria Island vs Rheban)       

Model  Int Year Location*Year Year² Location df AICc Weight 

2 
-0.43 
(0.17) 

0.27 
(0.11) 

0.28 
(0.11) 

-0.17 
(0.02) 

2.11 
(0.17) 10 6312.8 0.85 

Null 
-1.85 
(0.05) - - - -   0 

RI - 1.00 0.85 1.00 1.00 - - - 
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Table 3. Model selection tables for estimating the abundance of Tasmanian devils and brushtail 

possums on Maria Island within different habitat types – open grasslands, dry and wet forest). 

Estimates were derived using the N-mixture model which model abundance as well as detection 

probability. For both species, we present all models tested within < 2 ΔAIC, as well as the null 

model. 

Devil detection  
(Maria Island only)         
Mode

l Int 
Lure 
Age Season 

LureAge
² df AICc Weight    

3 

0.15 
(0.17

) 
-1.01 
(0.12) 

0.47 
(0.07) 

0.12 
(0.03) 12 5325.6 1.00    

Null 

-1.45 
(0.87

) - - - 9 6612.93 0    

RI - 1.00 1.00 1.00 - - -    

           
Devil abundance  
(Maria Island only)        

Mode
l Int 

Habitat 
(Wet) 

Habitat  
(Open) Year Year² 

Habitat 
(Wet) 
*Year 

Habitat 
(Open) 
*Year df AICc Weight 

3 

1.52 
(0.09

) 
-0.67 
(0.12) 

1.40 
(0.08) 

0.71 
(0.05) 

-0.19 
(0.02) 

-0.04 
(0.08) 

-0.24 
(0.06) 

1
2 5325.6 1.00 

Null 

1.81 
(0.05

)  - - - -  6 
6612.9

3 0 

RI - 1.00 1.00 1.00 1.00 1.00 1.00 - - - 

           
Possum detection 
(Maria Island only)        
Mode

l Int 
Lure 
Age 

Devil 
det. df AICc Weight     

9 

-0.24 
(0.17

) 
-0.72 
(0.13) 

0.14 
(0.02) 12 

5525.
8 0.73     

Null 
-1.00 
0.06) - - 9 

5819.
8 0     

RI - 1.00 1.00        

           
Possum abundance  
(Maria Island only)        

Mode
l Int 

Habitat 
(Wet) 

Habitat 
(Open) Year Year² 

Habitat 
(Wet) 
*Year 

Habitat 
(Open) 
*Year df AICc Weight 

9 

1.91 
(0.07

) 
-0.88 
(0.15) 

-0.07 
(0.10) 

-0.18 
(0.03) 

0.01 
(0.02) 

0.47 
(0.09) 

-0.46 
(0.06) 

1
2 5525.8 1 

Null 

1.88 
(0.05

) - - - - - - 5 5901.7 0 

RI - 1.00 1.00 1.00 1.00 1.00 1.00 - - - 
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Appendix B: Supplementary information (Chapter 4) 

 

Figure 1. Outputs from top-fitting mark-resight model to predict cat abundance on Maria Island 

and the adjacent control site (A). Mean resighting rates of feral cats (with 95% CI) (B). Probability 

of a feral cat being captured one or more times (with 95% CI) (C). Total survey effort for each 

survey period from 2013-2017. Periods were for summer and winter on Maria Island and winter 

only at the control site where devil abundance was low and stable. 
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Table 1. GLMM and relative importance (RI) of each predictor variable to predict Tasmanian devil detections on Maria Island and the control site 

from 2013-2017.   

Model  AICc Delt
a 

Weigh
t 

 Intercept Location 
(Maria Island) 

Year Vegetation 
(Wet forest) 

Maria Island: 
Year 

df logLik 

3 3158 0 1 -1.763 
(0.252) 

2.17  
(0.274) 

0.251 
(0.126) 

-0.93 
(0.264) 

0.304 
(0.127) 

8 -
1570.68 

2 3161 3 0 -2.060 
(0.242) 

2.491  
(0.258) 

0.536 
(0.045) 

-0.93 
(0.267) 

- 7 -
1573.43 

1 3171 14 0 -2.376 
(0.243) 

2.54  
(0.268) 

0.544 
(0.045) 

- - 6 -
1579.49 

Null 3293 136 0 -1.182 
(0.189) 

- - - - 4 -
1642.56 

RI - - - - 1.00 1.00 1.00 0.85 - - 

 

Table 2. GLMM and relative importance of each predictor variable (RI) to predict black rat detections on Maria Island and the control site from 

2013-2017.  

Model 
 

AICc Delta Weight Intercept 
Location 

(Maria Island) 
Year 

Vegetation 
(Wet forest) 

Maria Island: 
Year 

Maria Island: 
Vegetation 

Vegetation: 
Year 

df logLik 

6 
 
2773 0 1 

-0.794  
(0.28) 

1.037 
(0.314) 

-0.144  
(0.144) 

2.185 
(0.408) 

-0.282  
(0.140) 

-1.562  
(0.513) 

0.204  
(0.129) 

11 -1375.42 

3 
 
2782 9 0 

-0.405  
(0.252)  

0.46 
(0.254) 

-0.029  
(0.128) 

1.248 
(0.265) 

-0.322  
(0.138) 

 - 9 -1381.73 

2 
 

2785 12 0 -0.392 
-0.392 
(0.259) 

-0.285 
(0.071) 

1.256 
(0.269) 

- - - 8 -1384.34 

1 
 

2805 32 0 
0.135  
(0.24) 

0.301 
(0.275) 

-0.301 
(0.24) 

- - - - 7 -1395.55 

Null 
 

2821 48 0 
0.299  

(0.159) 
- - - - - - 5 -1405.60 

RI 
 
- - - - 1.00 1.000 1.00 1.00 0.97 0.97 - - 
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Table 3. Model selection table for mark-resight modelling of cat abundance. Zero-truncated 

Poisson log-normal mark-resight modelling derives an estimate of abundance by first estimating 

three parameters: the intercept for the mean resighting rate (α), number of unmarked individuals 

in the population during the primary sampling occasion (U), and individual heterogeneity (σ). We 

constructed 16 biologically plausible models (below) by modelling these three parameters based 

on the following covariates: ‘survey effort’ (total number of camera nights in a survey), ‘site’ 

(Maria Island or control), and ‘survey ID’ (a 12-level factor, with one level for each survey). We 

excluded models if they did not converge. We ranked models using AICc model weights, which 

revealed a clear winning model. From the winning model, we derived estimates of cat abundance 

for each survey (plotted in Figure 2).  

Model rank logLik AICc delta 
AICc 

weight df intercept survey 
effort 

site (Maria Isl. 
or control) 

Survey 
ID 

1 -185.970 382.505 0.000 0.996 5 
α + U + 

σ α 
α 

 

2 -192.681 393.735 11.230 0.004 4 
α + U + 

σ  

α 

 

3 -196.630 401.633 19.128 0.000 4 
α + U + 

σ α 

 

 

4 -192.447 419.894 37.389 0.000 15 
α + U + 

σ α 

 

U 

5 -191.286 420.298 37.793 0.000 16 
α + U + 

σ α 
σ 

U 

6 -188.492 438.777 56.272 0.000 24 α + U  

 

α + U 

7 -188.492 442.101 59.595 0.000 25 α + U α 

 

α + U 

8 -211.316 454.963 72.457 0.000 14 α + U α 

 

α 

9 -247.947 502.116 119.611 0.000 3 α + U α 

 

 

10 -238.902 510.133 127.628 0.000 14 α + U α 

 

U 

null -265.727 535.564 153.058 0.000 2 α + U  

 

 

12 -258.643 547.000 164.495 0.000 13 α + U  

 

U 

NA Model did not converge α + U  

 

α 

NA Model did not converge 
α + U + 

σ α 

 

σ 

NA Model did not converge 
α + U + 

σ α 
α + σ 

 

NA Model did not converge 
α + U + 

σ  

U 
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Appendix C: Temporal partitioning of activity: rising and falling top-predator 

abundance triggers community-wide shifts in diel activity 

 

 

 

Photo: Wombat on Maria Island, Tasmania 
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Top predators cause avoidance behaviours in competitors and prey, which can lead to 
niche partitioning and facilitate coexistence. We investigate changes in partitioning of 
the temporal niche in a mammalian community in response to both the rapid decline 
in abundance of a top predator and its rapid increase, produced by two concurrent 
natural experiments: 1) the severe decline of the Tasmanian devil due to a transmis-
sible cancer, and 2) the introduction of Tasmanian devils to an island, with subsequent 
population increase. We focus on devils, two mesopredators and three prey species, 
allowing us to examine niche partitioning in the context of intra- and inter-specific 
competition, and predator–prey interactions. The most consistent shift in temporal 
activity occurred in devils themselves, which were active earlier in the night at high 
densities, presumably because of heightened intraspecific competition. When devils 
were rare, their closest competitor, the spotted-tailed quoll, increased activity in the 
early part of the night, resulting in increased overlap with the devil’s temporal niche 
and suggesting release from interference competition. The invasive feral cat, another 
mesopredator, did not shift its temporal activity in response to either decreasing or 
increasing devil densities. Shifts in temporal activity of the major prey species of devils 
were stronger in response to rising than to falling devil densities. We infer that the 
costs associated with not avoiding predators when their density is rising (i.e. death) are 
higher than the costs of continuing to adopt avoidance behaviours as predator densi-
ties fall (i.e. loss of foraging opportunity), so rising predator densities may trigger more 
rapid shifts. The rapid changes in devil abundance provide a unique framework to test 
how the non-lethal effects of top predators affect community-wide partitioning of 
temporal niches, revealing that this top predator has an important but varied influence 
on the diel activity of other species.

Keywords: apex predator, ecology of fear, invasive species, mesopredator release, 
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Introduction

Top predators play important roles in structuring the behav-
iour of mesopredators and prey, sometimes leading to avoid-
ance behaviours (Lima 1998, Laundré  et  al. 2001). These 
avoidance behaviours reflect the need to balance the benefits 
of an activity against its attendant risks, including potentially 
lethal encounters with a predator (Lima and Dill 1990). One 
strategy to reduce interference competition with a dominant 
predator, or reduce the risk of predation, is to partition activ-
ity into times of the day when predators are less active (Lima 
and Dill 1990, Kronfeld-Schor and Dayan 2003, Kohl et al. 
2018). Prey species in South Africa, for example, are more 
diurnal when co-existing with nocturnal top predators (lion 
Panthera leo and spotted hyaena Crocuta crocuta), compared to 
a neighbouring area without these predators (Tambling et al. 
2015). Such niche partitioning can be a mechanism that 
facilitates coexistence (Carothers and Jaksić 1984).

Top predators have declined worldwide (Ripple  et  al. 
2014), leading to a widespread decline in predation risk and 
the fear it induces in prey, and sometimes triggering tro-
phic cascades and mesopredator release (Crooks and Soulé 
1999, Terborgh et al. 2001, Johnson et al. 2007, Ritchie and 
Johnson 2009, Suraci et al. 2016). After centuries of decline, 
however, some large carnivores are beginning to recover 
across parts of Europe (Chapron et al. 2014), North America 
(Gompper et al. 2015) and Asia (Athreya et al. 2013), bring-
ing hope that predators may once again exert control over the 
behaviour and abundance of other species.

We use two natural experiments that mirror the global 
trends of predator declines, as well as recent recoveries. The 
Tasmanian devil Sarcophilus harrisii (hereafter ‘devil’), a top 
predator, has declined severely following the emergence 
of a novel transmissible cancer, devil facial tumour disease 
(henceforth ‘disease’; Hawkins et al. 2006, McCallum et al. 
2007). The disease was first detected in north-east Tasmania, 
Australia, in 1996, and has since spread across ~80% of 
the devil’s range, causing average population declines of 
80%, and up to 95% in some areas (Hollings  et  al. 2014, 
Lazenby et al. 2018). In response to the threat of extinction 
(McCallum et al. 2009), a free-living, disease-free population 
of devils was introduced to Maria Island (Thalmann  et  al. 
2016), a 116 km2 National Park off the east coast of Tasmania 
that was not previously inhabited by devils. The popula-
tion rapidly increased to its estimated carrying capacity of 
~100 (DPIPWE 2018). These independent shifts in devil 

abundance allow us to test the behavioural effects of falling 
and rising abundance of a top predator in a single study.

In this paper, we test how changes in devil abundance 
affect community-level partitioning of the temporal niche, 
in the context of intra- and inter-specific competition and 
predator–prey interactions. Devils are the largest predator 
(6–14 kg) in Tasmania and are nocturnal. They are competi-
tively dominant over two mesopredators, the native spotted 
tailed-quoll Dasyurus maculatus (2–5 kg, hereafter ‘quoll’), 
which is largely crepuscular/nocturnal, and the invasive feral 
cat Felis catus (3–5 kg; hereafter ‘cat’), which has variable 
activity patterns. We also examine temporal partitioning in 
three major prey species of devils, the Tasmanian pademelon 
Thylogale billardierii (hereafter ‘pademelon’), the Bennett’s 
wallaby Macropus rufogriseus (hereafter ‘wallaby’) and the 
common wombat Vombatus ursinus; these prey species are 
mostly crepuscular/nocturnal. Because circadian rhythms 
evolve to ensure an animal is active at the most beneficial 
time (Kronfeld-Schor and Dayan 2003, Kronfeld-Schor et al. 
2017), the activity patterns of prey species may respond 
to a trade-off between avoiding diurnal predators (eagles, 
humans) and nocturnal predators (devils, quolls). Both dev-
ils and quolls feed mainly on pademelon and wallaby (Jones 
and Barmuta 1998, Andersen et al. 2017), whereas cats prefer 
smaller prey (Doherty et al. 2015). Thus, if competition for 
food is the major driver of temporal activity, quolls should 
show a stronger response than cats. Because pademelon and 
wallaby are shared prey of both devils and quolls, shifts in the 
diel activity of quolls could also affect these species.

We compiled a large dataset of 71 666 independent animal 
records from two simultaneous camera studies conducted over 
a five-year period, totalling 76 516 camera nights (Table 1),  
from which we assessed the role of devils in structuring 
community-wide diel activity. We asked two main questions: 
1) how does the temporal activity of conspecifics, competi-
tors and prey respond to changes in devil density, and 2) do 
these other species alter their overlap with the devil’s usual 
temporal niche in response to changes in devil density? We 
hypothesised that increasing devil densities would cause other 
species to reduce their overlap with the devil’s temporal niche 
because of increased risk of death or injury. We hypothesised 
that declining devil densities would allow other species to 
increase their use of the devil’s usual temporal niche because 
of substantially reduced risk of encountering a devil. In inter-
preting our results, we consider whether the response of one 
species to changes in devil density may affect the response of 

Table 1. Summary of remote camera deployment strategy. See Supplementary material Appendix 1 Table A1 for details of site descriptions 
and camera deployment method.

Survey name (number of study sites) Cameras per site (total cameras) Total camera nights Independent animal records

Devil decline survey 1 (29) 14 (406) 20 048 16 230
Devil decline survey 2 (45) 4 (180) 8704 8049
Devil decline survey 3 (13) 20–21 (270) 7080 5203
Devil introduction (Maria Isl. and  

control over five years)
53–72 (735) 40 684 42 184

Total 1591 76 516 71 666
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other species (e.g. quoll responses may in turn affect prey). 
We also consider that increasing and decreasing trajectories of 
devil densities may not have symmetrical effects because the 
costs may be higher for increasing densities (i.e. death) than 
decreasing densities (i.e. lost foraging opportunity).

Material and methods

Study area and camera trapping

We analysed two independent cases: 1) a space-for-time sub-
stitution investigating the disease-induced decline of devils 
on mainland Tasmania, and 2) a longitudinal study of the 
introduction of devils to Maria Island, with a control site on 
Tasmania where devil abundance was low and stable.

Study 1: space-for-time substitution investigating 
devil declines

Space-for-time substitutions study the relationships between 
ecological variables at sites at different stages of a response, 
permitting study of longer time-scales than longitudinal 
observation would allow (Walker et al. 2010). We combined 
records from three camera surveys of sites that spanned the 
gradient of devil population decline, from the disease-free 
north-west of Tasmania, to the north-east where devils had 
been exposed to the disease for ~20 yr (Fig. 1A). In total, we 
surveyed 50 different study sites using 856 remote cameras 
between 2015 and 2017, for a total of 35 832 camera-nights 
(Table 1). We sampled three habitat types: wet eucalypt/rain-
forest, dry eucalypt forest and coastal vegetation. We ensured 
sites of the same habitat type were environmentally compa-
rable by selecting sites of similar average rainfall/elevation, 
and ensured that each survey had a similar proportion of 
sites located in each region and habitat type (Supplementary 
material Appendix 1 Table A1). To increase detections, we 
positioned cameras facing animal trails/small clearings and  
baited them with a general-purpose herbivore and carnivore 
olfactory lure (Supplementary material Appendix 1 Table A1). 
The three surveys differed in the number, spacing and dura-
tion of camera deployment, but importantly each positioned 
cameras in the same way and used the same olfactory lure and 
camera type. Differences in survey effort may influence total 
detections, but we analysed timing of detections using propor-
tions of detections at a given time of day, not total detections, 
meaning the three surveys can be analysed together validly.

Study 2: Longitudinal study investigating devil 
introduction

Devils were first introduced to Maria Island by the Tasmanian 
government conservation agency in 2012, when 15 animals 
were released (Thalmann et al. 2016). By 2018 the popula-
tion had grown to 103, the estimated carrying capacity of 
the island (Jones and McCallum 2007, DPIPWE 2018). 
We selected an environmentally comparable control site for 

Maria Island on the nearby east coast of Tasmania, where 
the disease arrived and started causing population declines 
approximately 12 yr prior (Hawkins  et  al. 2006). Devils 
remained at consistently low relative density for the duration 
of our study (Fig. 1B). Camera monitoring at Maria Island 
and the control site continued from 2013 to 2017, deploying 
735 remote cameras over five years for a total of 40 684 cam-
era nights (Table 1). Positioning of cameras and use of lures 
matched the devil decline survey (details of survey method 
and site information in Supplementary material Appendix 1 
Table A1). Quolls are absent from Maria Island, so we only 
investigated the response of quolls to devil declines.

Analysis of changes in devil relative density

Camera locations within a study site were not spatially inde-
pendent. Thus, to reduce the likelihood of double-counting an 
individual devil on the same or a nearby camera, we first pooled 
all devil detections at a study site from the first 21 d of a survey, 
which is the minimum deployment duration recommended for 
detecting cats, the most cryptic of the carnivores (Robley et al. 
2010). We then treated detections as unique if they were sepa-
rated by > 30 min. This yielded a count of unique devil detec-
tions for each survey. We then calculated an index of devil 
density (termed ‘devil relative density’) to be used as a predictor 
variable in subsequent analyses by dividing the number of devil 
detections by the number of camera nights. This represents a 
standardized index of relative density and enabled comparison 
among surveys with different survey effort.

We analysed the predictors of devil detections separately 
for the declining and increasing devil populations. For devil 
declines, we modelled the relative density of devils using a 
generalised additive mixed-effects model (GAMM) with a 
quasibinomial distribution to prevent negative fitted values 
(‘mgcv’ package in R; Wood 2017). We included study site 
as a random effect to allow for correlations within the sites. 
The most complex model consisted of an interaction between 
‘years since disease outbreak’ and ‘habitat’ (coastal, dry euca-
lypt or wet eucalypt/rainforest). We included a predictor 
variable for habitat to model habitat-specific differences in 
devil relative densities or detectability. We assessed whether 
a smooth term was necessary using the approximate p-values 
(α = 0.05; AIC is not available for this quasi distribution).

For the devil introduction study, we tested whether changes 
in devil detections through time differed between Maria 
Island, where devils were introduced, and the control sites by 
modelling the count of devil detections using a generalised 
linear model (GLM) with a Poisson distribution in R (R Core 
Team). The most complex model included predictor variables 
for ‘season’ (either summer or winter to account for seasonal 
differences in behaviour that could influence detectability), 
and an interaction between ‘year’ (2013–2017) and ‘study 
site’ (Maria Island or control). A mixed-effects model was not 
necessary because pooling detections for each survey of a site 
meant there was only a single value for each survey and repeat 
measures at a site were accounted for using the fixed effect 
of ‘study site’. The GLM contained an offset for the number 
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Figure 1. Study design and changes to devil relative density in Tasmania. (A) Map of 50 study sites spanning a gradient of devil population 
declines, ranging from the north-east of Tasmania where devil facial tumour disease has been present for approximately 20 yr, to the disease-
free north-west. Dashed lines represent the estimated disease front. The graph shows that devil detection rates in camera surveys were on 
average ~80% less at long-diseased (~20 yr) sites than at disease free sites. The lines represent the best-supported GAMM. (B) Camera 
locations on Maria Island and a control site on mainland Tasmania. The graph shows the best-supported GLM predicting the number of 
devil detections in a survey. This shows that devil detections on Maria Island rapidly increased following introduction in 2012, while the 
control site remained stable.

of camera nights, because this varied slightly due to camera 
malfunctions. We compared the most complex model to all 
simpler combinations of predictor variables and selected the 
best model based on small sample corrected Akaike informa-
tion criterion (AICc) (Burnham and Anderson 2002).

Temporal activity

Data handling
We used the time-stamp on a photo as a record of the 
time a species was active. Records of the same species at 
a study site were considered independent if separated by 

at least 30 min, and assumed to be a random sample from 
each species’ underlying activity distribution, as is common 
in similar studies (Linkie and Ridout 2011, Brook  et  al. 
2012). Preliminary data exploration when tagging the 
photos showed that individual animals rarely stayed at 
a camera for more than ~5 min. Because activity is often 
organised around circadian events such as sunrise and  
sunset (Nouvellet et al. 2012), and because our study was 
conducted across different times of the year, we scaled clock 
time to sun time, with 06:00 representing sunrise and 18:00 
sunset (‘sunTime’ function, ‘overlap’ package in R; Ridout 
and Linkie 2009).
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Analysis
We used two approaches to analyse temporal activity: 1) cir-
cular overlap, a common technique to compare the diel activ-
ity of different groups of animals; and 2) generalised additive 
models (GAMs), a much less common approach to study 
temporal activity. The use of GAMs allowed us to model diel 
activity in response to a continuous predictor variable for 
devil relative density, rather than comparing grouped records 
as is necessary in the analysis of overlap.

Circular overlap
We first tested whether a species changed activity patterns by 
grouping records according to the relative density of devils. 
We visualised activity profile as a non-parametric kernel den-
sity estimate using the ‘overlap’ package in R and the default 
smoothing parameters recommended by Ridout and Linkie 
(2009). We tested for statistical differences in activity using 
the non-parametric Mardia–Watson–Wheeler test for homo-
geneity, which tests for differences in the mean angle or vari-
ance of two samples (Batschelet 1981), using the ‘circular’ 
package in R (Agostinelli and Lund 2017).

In the devil decline study, we grouped records based on 
relative density of devils. In each of the three surveys, we 
selected records from the 20% of sites with the most devil 
detections (‘high devil’) and the 30% of sites with the few-
est devil detections (‘low devil’). We selected these thresh-
olds because exploration of the data showed that a threshold 
< 30% would exclude some sites with zero devil detections, 
clearly undesirable for a group representing low devil den-
sities; sites in the top 20% represent devil detection rates 
typical of disease-free sites. To include sufficient devil records 
to allow for reliable kernel estimation of devil activity, we 
expanded the low category to include the lowest 40% of sites, 
because otherwise there were few devil records to create a reli-
able kernel estimate; these lowest 40% of sites represent severe 
devil population declines. In the devil introduction study, we 
partitioned records from Maria Island and the control site 
into two groups: 2013/2014 when devils were at low relative 
density shortly after release, and 2016/2017 when devils were 
at high relative density on Maria Island (Fig. 1B).

We additionally investigated whether mesopredators and 
prey altered their use of the devil’s temporal niche in response 
to changes in the relative density of devils. We did this by 
first constructing an activity profile that represents the devil’s 
usual temporal niche, which we defined in the devil decline 
study as records from disease-free areas, and for Maria Island 
as records from 2016/2017 when devil density was near car-
rying capacity. We then assessed the overlap of the devil’s tem-
poral niche with the temporal activity of mesopredators and 
prey in areas/periods of high and low devil relative density 
(as defined in the previous paragraph). We quantified over-
lap using the coefficient of overlap ∆ (with 95% bootstrap 
confidence intervals), with 0 representing no overlap in activ-
ity and 1 representing complete overlap (‘overlap’ package in 
R). As recommended by Ridout and Linkie (2009), we used 
the ∆4 measure of overlap when the smallest sample size was 
> 75, and ∆1 when sample size < 75.

Generalized additive modelling of temporal activity
We further modelled potential non-linear shifts in temporal 
activity in response to changes in the relative density of dev-
ils using GAMs. GAMs have been used to model temporal 
activity in some previous studies (Bischof et al. 2014); how-
ever, we believe they represent an under-used approach to 
studying the drivers of a species’ temporal activity because 
they are highly flexible, can model circular data (using cyclic 
regression splines), and can accommodate continuous predic-
tor variables.

We used GAMs to model the four largest shifts in tem-
poral activity revealed in the analysis of overlap: devils in 
response to declining and increasing relative densities, quolls 
in response to devil declines, and wallabies in response to 
devil introduction. For the response variable, we calculated 
the proportion of activity associated with each hour of the diel 
cycle (0–23; scaled to sun time), which summed to one for 
each species in each survey. We modelled proportional activ-
ity because we were interested in relative activity throughout 
the day, not absolute activity. We excluded surveys where a 
species was detected less than three times because these could 
lead to biased proportions.

We constructed a varying coefficient model for each species, 
which allowed the coefficients of a smooth term to interact 
with a covariate, either a continuous variable (e.g. devil relative 
density) or a factor (e.g. location) (Wood 2017). We modelled 
proportional activity using a quasibinomial distribution to pre-
vent negative predicted values, and used a cyclic cubic spline 
because the diel cycle is circular. For the devil decline study, we 
modelled proportional activity in response to ‘hour’ of the day 
(0–23), and an interaction between ‘devil relative density’ and 
‘hour’. For the devil introduction study, we modelled propor-
tional activity in response to ‘hour’, and an interaction between 
‘year’ (associated with increasing devil densities) and ‘hour’ by 
‘location’ (Maria Island or control). We used a penalty on the 
null space of each smooth to select a smooth term out of the 
model if it was not needed (using the ‘select’ argument) (Marra 
and Wood 2011), and used approximate p-values (α = 0.05) to 
judge whether the smooth term should remain in the model. 
We fitted GAMs using the ‘mgcv’ package in R (Wood 2017; 
R Core Team) and visualised results by plotting the interaction 
term using contour and perspective plots.

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.s77dk4v > (Cunningham  et  al. 
2019a).

Results

Changes to devil relative density

Devil detection rates declined with increasing time since 
disease arrival (Fig. 1A) and increased rapidly on Maria 
Island following devil introduction (Fig. 1B). In the study 
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of devil declines, ‘years diseased’ (p < 0.0001, edf = 1.8, devi-
ance explained = 52.2%) was included in the best-supported 
GAMM (Supplementary material Appendix 1 Table A2). On 
average, devil detection rates at long-diseased sites (~20 yr) 
were 80% less than at disease-free sites, similar to other studies 
(Hawkins et al. 2006, McCallum et al. 2007, Hollings et al. 
2014, Lazenby et al. 2018). The best-supported GLM mod-
elling devil detections following devil introduction included 
an interaction between ‘year’ and ‘study site’ (Supplementary 
material Appendix 1 Table A2), demonstrating markedly 
different trends between the two sites – devil detections 
increased rapidly on Maria Island but remained low at the 
control site (Fig. 1B).

Temporal activity in predators

Devils
Devil decline: temporal activity of devils differed significantly 
between high- and low-density sites (p < 0.001; Fig. 2A). At 
high relative densities, devils had a defined peak in activity 
shortly after 18:00 h, whereas at low relative densities, devil 
activity peaked at ~22:00 h and remained elevated through-
out much of the night (Fig. 2A). The GAM predicting the 
proportional activity of devils contained a significant interac-
tion between hour of the day and the relative density of dev-
ils (edf = 2.846, p = 0.047, deviance explained = 40.7%). High 
devil densities were associated with a heightened post-sunset 
peak and a relative decline in activity during the latter half of 
the night (Fig. 3A).

Devil introduction: the diel activity patterns of devils on 
Maria Island differed significantly between periods of low 
devil density (2013/2014) and high density (2016/2017; 
p < 0.001; Fig. 2B). When devil density was low, devils had a 
broad peak in activity that spanned the first half of the night, 
whereas when devil density was high, activity peaked shortly 
after sunset before dropping rapidly. The control site, where 
devil relative density was low and stable, showed no signifi-
cant differences in temporal overlap between the periods 
(p = 0.22; Fig. 2C). The GAM predicting the proportional 
activity of devils contained a significant interaction between 
hour, year and location (edf = 12.54, p < 0.0001, deviance 
explained = 68.5%), showing change in activity pattern as 
density increased. High devil relative density was associated 
with a heightened post-sunset peak and a relative decline in 
activity during the latter half of the night (Fig. 3C).

Spotted-tailed quoll
Devil decline: quolls exhibited markedly different patterns 
between sites with high and low devil relative densities 
(p = 0.04; Fig. 2D). At sites with high devil relative density, 
quolls had a pronounced peak in activity shortly before sun-
rise, whereas the highest peak shifted to shortly after sunset 
when devil relative density was low, with a much-reduced 
pre-sunrise peak (Fig. 2D). As devil relative density declined, 
the activity profile of quolls showed increasing similarity with 
the devil’s high-density profile (Fig. 4), with activity peaking 

just after sunset, resulting in increased overlap with the devil’s 
temporal niche (Fig. 5). The GAM predicting the temporal 
activity of quolls contained a significant interaction between 
hour and devil relative density (edf = 6.6, p = 0.049, deviance 
explained = 11.4%). The pre-sunrise peak in quoll activity at 
high devil relative densities was more than double the height 
of this same peak when devils were rare (Fig. 3B).

Feral cats
Devil decline: temporal activity of cats did not differ signifi-
cantly between sites with high and low devil relative densities 
(p = 0.65; Fig. 2E). Cats were active throughout the diel cycle, 
irrespective of devil relative density, and showed no change in 
overlap with the devil’s temporal niche (Fig. 5).

Devil introduction: cat temporal activity did not differ 
significantly on Maria Island between 2013/2014, when 
devils were at low density, and 2016/2017 when devils were 
at high density (Fig. 2F; p = 0.36), and through time at the 
control site (Fig. 2G; p = 0.36). Like the survey of devil 
declines, cats were active throughout the entire diel cycle 
and showed no change in overlap with the devil’s temporal 
niche (Fig. 5).

Temporal activity in key prey species

Tasmanian pademelon
Devil decline: pademelons were highly crepuscular and had 
slightly higher sunset and sunrise peaks in activity at sites 
with low devil relative density compared to high relative den-
sity, although these were not statistically different (p = 0.07; 
Fig. 2H), and there was no change in overlap with the devil’s 
temporal niche (Fig. 5).

Devil introduction: pademelons had a more pronounced 
peak at sunset in 2016/2017 when devil density was higher, 
compared to 2013/2014 (p = 0.048; Fig. 2I). The increase in 
the sunset peak did not reduce the overlap with the devil’s 
temporal niche (Fig. 5).

Bennett’s wallaby
Devil decline: the sunrise peak in wallaby activity was slightly 
higher at sites with high devil relative densities than with low 
relative densities (p = 0.005; Fig. 2K), although this did not 
change the overlap with the devil’s temporal niche (Fig. 5).

Devil introduction: when devils were at low density on 
Maria Island, activity of wallabies peaked at sunset. With 
increased devil abundance, nocturnal activity decreased and 
the highest peak moved to shortly after sunrise (p < 0.001; 
Fig. 2L), resulting in reduced overlap with the devil’s temporal 
niche (Fig. 5). The opposite trend occurred at the control site, 
where nocturnal activity and the sunset peak both increased 
in 2016/2017. The GAM predicting the temporal activ-
ity of wallabies contained a significant interaction between 
hour, year and location (edf = 14.11, p < 0.0001, deviance 
explained = 62%). As devil density increased through time, the 
peak in wallaby activity around sunrise increased and shifted 
later, while activity in the middle of night declined (Fig. 3D).
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Figure 2. Activity profiles of predators and the major prey species of devils and quolls. The left column compares temporal activity between sites 
with high relative devil densities against sites where devils have suffered severe disease-induced declines. The right two columns compare Maria 
Island in 2013/2014, when devils were at low density shortly after their introduction, to 2016/2017 when devils were at high density. The devil 
population was low and stable at the control site during the study. The plots are centred on midnight and time has been scaled so that sunset occurs 
at 18:00 and sunrise at 6:00 (vertical lines). p values were calculated using the nonparametric Mardia–Watson–Wheeler test of homogeneity.
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Common wombat
Devil decline: wombats were more diurnally active at sites 
with high devil relative densities, and had a less pronounced 
nocturnal peak in activity, compared to sites with low devil 
relative densities (p = 0.018; Fig. 2N). This subtle shift did not 
change the overlap with the devil’s temporal niche (Fig. 5).

Devil introduction: a subtle shift in wombat activity 
occurred on Maria Island as devil densities increased. In 
2013/2014, when devils were at low density, wombat activity 
peaked shortly after sunset. In 2016/2017, when devil den-
sity was high, peak activity shifted to shortly before sunset 
(p < 0.001; Fig. 2O), significantly reducing overlap with the 
devil’s temporal niche (Fig. 5).

Discussion

We provide the first investigation of a top predator that is 
declining in abundance in one area while rapidly increasing 
in another, providing a novel framework to test the effects 
on community-wide temporal activity. Devil declines on 
mainland Tasmania were associated with a strong shift in 
quoll activity, and statistically significant but subtle shifts in 
wallabies and wombats. The introduction of devils to Maria 
Island was associated with larger increases in temporal par-
titioning by the herbivorous prey species. The invasive feral 
cat did not shift its temporal activity in response to either 
decreasing or increasing devil densities. Most previous studies 
of temporal partitioning between top predators and subordi-
nate species have been non-manipulative, providing support 
for hypotheses of temporal partitioning but not establishing 

causal mechanisms (Ramesh et al. 2012, Bischof et al. 2014). 
However, manipulative or natural experiments provide stron-
ger evidence on causes of patterns. Our study is the largest 
such study to date.

Carnivore responses and competition

This is the first demonstration, to the best of our knowledge, 
of density-dependent temporal activity in a top predator: 
devil activity peaked earlier in the night when relative den-
sity was high. Devils are both predators and highly-adapted 
scavengers, one of the world’s few bone-specialist carnivores 
(Jones 2003). High densities increase competition for car-
rion (Cunningham et al. 2018), and may force devils to do 
more hunting, which would require them to match their 
activity with the crepuscular activity of their primary prey, 
wallaby and pademelon. Other studies show that predators  
can time their activity to overlap with peak prey activity.  
For example, kestrels Falco tinnunculus match the regular  
2-h peaks in vole Microtus arvalis activity (Rijnsdorp  et  al. 
1981, Kronfeld-Schor  et  al. 2017) and activity patterns of 
Cooper’s hawk Accipiter cooperii reflects those of their prey 
(Roth and Lima 2007).

Quolls, the species with greatest dietary overlap with 
devils (Jones and Barmuta 1998, Andersen  et  al. 2017), 
showed a pronounced shift in activity in response to declin-
ing devil densities, suggesting active temporal avoidance 
to reduce encounters with a devil. Quolls shifted their 
activity peak from dawn, when devils are abundant, to 
dusk, when devils were rare, strongly suggesting competi-
tive release. At low devil densities, quoll temporal activity 

Figure 3. Interaction plots from GAMs predicting the temporal activity of a species based on changes in the devil population. Devil relative 
density refers to the number of devil detections per camera night. In the devil introduction study, increasing years since devil introduction 
is correlated with rapid increases in devil density. Perspective plots (left panel for each species) show the proportional activity of a species on 
the vertical axis, with time of day and devil relative abundance on the horizontal axes. The contour plots (right panel for each species) are a 
different visualisation of the same information, with contours showing the proportional activity of a species at a given time of the day.
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resembled that of devils at high density, which suggests that 
quolls may be attracted to the early period of the night for 
the same reasons as devils – to hunt when prey are most 
active and exploit newly-available carrion. Carrion is a 
resource that is largely unavailable to quolls where dev-
ils are abundant, but is used by them where devils have 
declined (Cunningham et al. 2018). The best examples of 
competition-induced temporal shifts in mammals include 
two species that shift to the opposite part of the diel cycle. 
Invasive American mink Neovison vison in the UK shifted 
from nocturnal to diurnal activity following the recovery of 
a native carnivore (Harrington et al. 2009). Golden spiny 
mice Acomys russatus in the Judean desert are diurnal in the 
presence of their less arid-adapted competitor, A. cahirinus, 
but increase nocturnal activity in their absence (Kronfeld-
Schor and Dayan 2003). In general, however, such extreme 
competition-induced shifts in activity are rare (Kronfeld-
Schor and Dayan 2003).

Figure  4. Temporal activity of spotted-tailed quolls (solid line) 
compared with the devil’s temporal niche (blue dashed line; pre-
disease temporal activity). We separated quoll activity according 
to the relative density of devils, which shows a shift in peak activ-
ity from sunrise when devils were abundant to sunset when devils 
were rare. The coefficient of overlap Δ (95% bootstrapped CI) 
shows that as devil relative densities decline, quolls increased 
their overlap with the devil’s increasingly vacant temporal niche. 
(A) Sites in the top 20% reflect pre-disease devil densities.  
(B) Sites with intermediate devil abundance. (C) Low devil  
abundance sites (40–60%) represent substantial population 
declines. (D) Very low devil sites (lowest 40%) correspond to 
severe devil declines.

Figure  5. Change in overlap of the devil’s temporal niche with 
mesopredators and major prey species. The coefficient of overlap 
ranges from 1, representing total temporal overlap, to zero, repre-
senting no overlap. The top panel shows the study of a declining 
devil population, and the bottom panel shows the study of an 
increasing devil population following their introduction to Maria 
Island. Quolls increased their use of the devil’s temporal niche fol-
lowing devil declines (top panel). Quolls, however, were not present 
on Maria Island, where wallaby and wombats both reduced their 
use of the devil’s niche following rapid increases in devil density 
(bottom panel). Error bars show the bootstrapped 95% confidence 
interval and * highlights non-overlapping confidence intervals.
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Activity of cats did not respond to changes in devil den-
sity, helping to resolve a debate about the nature of meso-
predator release of cats in Tasmania. Long-term, island-wide 
nocturnal spotlight surveys revealed an increase in cat detec-
tions following devil declines (Hollings et al. 2014), which 
was interpreted as increased density. However, in a separate 
study using cameras only in areas where the disease was pres-
ent, Fancourt et al. (2015) claimed that cats are more noc-
turnal in the long-term disease region, instead suggesting 
that shifts in diel activity explain the increase in detections. 
Unlike Fancourt et al. (2015), we measured cat activity across 
the full range of devil densities, including a time series of 
increasing density on Maria Island, and found no shifts in cat 
activity due to devil density. This suggests that increased cat 
detections following devil decline (Hollings et al. 2014) are 
not caused by changes in temporal activity and may reflect 
increased cat abundance.

One hypothesis for the contrasting responses of quolls and 
cats is that interference competition from devils is mediated 
through food resources, causing quolls and cats to experience 
interference differently. Interference competition in carni-
vores, involving aggressive exclusion from a resource (Linnell 
and Strand 2000), is probably a stronger driver of temporal 
partitioning than exploitation competition (Carothers and 
Jaksić 1984). Quolls and devils have high dietary overlap 
(Jones and Barmuta 1998, Andersen  et  al. 2017), whereas 
cats typically consume smaller fauna (Doherty et al. 2015). 
Devils additionally pose a strong risk of kleptoparasitism for 
quolls, but less so for cats due to their smaller prey size. If 
devils exclude mesopredators from the early period of the 
night to monopolise food resources, quolls should show 
the strongest response. Devils aggressively protect carcasses 
and exclude other species from feeding (Cunningham et al. 
2018), but there is only anecdotal information about devils 
killing or actively persecuting mesopredators (Jones 2003), as 
some other top predators do (Palomares and Caro 1999). For 
example, dingoes Canis lupus dingo kill cats, and cats avoid 
dingoes temporally (Brook  et  al. 2012). Similarly, wolves 
Canis lupus kill coyotes Canis latrans, which show temporal 
avoidance of wolves during winter (Arjo and Pletscher 1999). 
A better understanding of the mechanisms by which devils 
interfere with mesopredators, whether active persecution or 
resource-mediated aggression, may help explain the contrast-
ing behavioural responses of the two mesopredators.

Subtle and variable responses by prey

The major prey species of devils (and quolls) showed stron-
ger shifts in their overlap with the devil’s temporal niche in 
response to rising than to falling devil densities. Specifically, 
wombat and wallaby reduced their use of the devil’s tempo-
ral niche following increases in devil density, and pademelon 
showed a more pronounced peak at sunset. Responses were 
subtler for declining devil densities; wallaby and wombat 
showed statistically significant but small differences in their 
temporal activity, which did not reduce their overlap with the 
devil’s niche (and pademelon showed no change).

We offer two non-exclusive hypotheses for the differing 
strengths of prey responses. First, the costs associated with 
increasing top-predator densities (death or injury) are prob-
ably much higher than the costs associated with decreasing 
predator densities (small potential foraging loss). Declining 
predator densities may therefore elicit a more gradual response 
because persistence of low-cost behaviours can be adaptive 
even when selection is relaxed (Flecker 1992, Kronfeld-
Schor  et  al. 2017). Second, the multi-predator hypothesis 
suggests that the presence of one predator species can main-
tain anti-predator behaviours that relate to another extinct 
predator (Blumstein 2006). Thus, the presence of quolls on 
the Tasmanian mainland, but not on Maria Island, could pos-
sibly maintain behaviours in these shared prey species in the 
absence of devils. Further, quolls responded to devil declines 
by increasing their use of the devil’s temporal niche, which 
could in turn maintain avoidance behaviours in prey because 
of continued predation pressure. The near-absence of noc-
turnal predators of wallaby and wombat before the introduc-
tion of devils means they were shifting from a predator-free 
baseline, which could explain their initially higher nocturnal 
activity and the larger temporal shift.

Habitat differences may further explain the stronger 
response of pademelon on Maria Island than the Tasmanian 
mainland. Pademelon activity at sunset increased on Maria 
Island when devils were at high densities, whereas there was 
no significant change in response to devil decline on the 
Tasmanian mainland. These different patterns may reflect diel 
migrations by pademelon that vary in response to habitat; 
specifically, open grasslands are found only on Maria Island. 
Diel migrations – cyclical back and forth diel movements 
along a spatial or ecological gradient – are employed by prey 
to reduce the risk of encountering predators (Courbin et al. 
2018). Zebras, for example, forage during the day in grass-
land near waterholes, the preferred habitat for lions, but 
move further from waterholes at night when lions become 
active (Courbin  et  al. 2018). Pademelons exhibit similar 
behaviour; they typically move from forest to grasslands to 
feed, and where devils are abundant they emerge from the 
forest earlier in the evening and forage further from the forest 
edge (Nielsen 2009), possibly to minimize risk at the edge 
where devils hunt (Baynes 2007). Although the increase in 
sunset activity by pademelons did not reduce their overlap 
with the devil’s temporal niche, the increase in sunset activity 
may reflect spatio-temporal avoidance of risky areas.

The subtle responses of wallaby and pademelon to rapid 
changes in predator density suggest either that they are con-
strained by circadian rhythms or that they make greater 
use of other anti-predator behaviours (Kronfeld-Schor and 
Dayan 2003). Circadian rhythms evolve to ensure animals 
are active at the most beneficial time of the diel cycle, and 
can have low short-term plasticity (Flecker 1992, Kronfeld-
Schor et al. 2017). The Tasmanian night now has vastly lower 
predation risk following the extinction of the thylacine in the 
mid-20th century and the recent decline of the devil. If cur-
rent predation is the major driver of temporal activity, we 
would expect substantial increases in nocturnal activity of 
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pademelon and wallaby when devils are rare, rather than the 
subtle responses reported here. Instead, it is likely that wal-
laby and pademelon use fine-scale spatio-temporal avoidance 
behaviours to avoid predation by devils rather than temporal 
avoidance alone (Nielsen 2009).

Conclusions

This study demonstrates that rising or falling abundance of 
a top predator can have far-reaching effects on the behav-
iour of other carnivore and prey species. While there is 
much evidence of the cascading effects that often follow top-
predator removal, there is less evidence about the reversal of 
effects following predator recovery (Alston et al. 2019). Our 
study provides valuable evidence that top predator recover-
ies can reinstate anti-predator behaviours in other species 
(Berger  et  al. 2001, Estes  et  al. 2011, Cunningham  et  al. 
2019b). The effects we show are distinct from the direct 
demographic impacts of predation on population size or 
distribution, but they may compound those direct impacts. 
Moreover, these behavioural changes operate over short time-
scales, as shown by the rapid responses that we observed on 
Maria Island. The density-dependence of devil temporal 
activity highlights the need for recovery efforts to focus on 
restoring predator populations to functional densities if we 
wish to maintain the full spectrum of adaptive behaviours in 
predators themselves and the species they influence.
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