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Abstract  
 

The strategy of conserving threatened species away from mainland threats on offshore 

‘island arks’ is particularly common in Australia and New Zealand but has been used 

worldwide to conserve a broad range of taxa. This strategy, however, has consequences for 

both the species being conserved and the recipient community. The effects of invasive 

species can be complex, and the assisted colonisation of species to islands—a species 

invasion of sorts—could cause a myriad of unintended and unpredictable consequences, for 

both the introductee, and its recipient community.  

In this thesis, I set out to examine the consequences of ‘island arks’ as a conservation 

measure for both the endangered species being conserved and the recipient island 

community into which it is introduced. To do this, I exploit the introductions of an 

endangered marsupial predator, the northern quoll (Dasyurus hallucatus), to a number of 

‘island arks’ in the Northern Territory, Australia. Northern quolls have suffered dramatic 

recent declines throughout northern Australia due to the invasion of a toxic invasive cane 

toads (Rhinella marina). In 2003, to prevent their extinction in the Northern Territory, 

insurance populations of quolls were established on two toad- and predator-free islands 

(Astell and Pobassoo) off North East Arnhem Land. In 2017, we established a new ‘island ark’ 

population of toad-smart quolls on Indian Island, near Darwin. These ‘island ark’ populations 

provided fertile ground to explore the consequences of island isolation on quolls (Astell 

Island) and also the impacts quolls have as a novel predator on an ‘island ark’ (Indian Island).  

In my first data chapter (Chapter 2), I document an unsuccessful reintroduction of 

northern quolls from Astell Island to southern Kakadu National Park on the Australian 

mainland. Although quolls that were trained to be ‘toad-smart’ survived longer than quolls 

that received no training, the reintroduction ultimately failed because of predation by 

dingoes (a native top-order predator). The aim of this study, and of my entire PhD at the 

time, was to determine whether toad-aversion training could instil multi-generational 

recovery from toads in northern quolls. The failure of this reintroduction due to predators, 

rather than cane toads, motivated a change in perspective and direction. I began to question 

whether the conservation of quolls on a predator-free ‘island ark’ may have resulted in 

unintended maladaptation for mainland reintroduction. Indeed, a follow up study (Chapter 3) 
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determined, that after only 13 generations isolated on this ‘island ark’, quolls did not appear 

to recognise the scent of dingoes and cats; predators with which quolls had coevolved 

alongside on the Australian mainland for at least 3500 and 130 years, respectively. Unlike 

their isolated island conspecifics, wild-caught and captive-born mainland quolls (from 

populations with continuous exposure to predators) both recognised and avoided the scent 

of cats and dingoes. I also found (Chapter 4) that using instrumental conditioning to re-

establish antipredator behaviours in ‘island ark’ conserved quolls was not straightforward: 

training protocols that were logistically and ethically feasible did not work, suggesting that 

the protocols were inadequate or that it is difficult to train individuals that have totally lost 

predator recognition.  

A conservation introduction of quolls to an additional island (Indian Island) then 

provided a unique opportunity for a detailed investigation of the direct and indirect impacts 

of an introduced novel predator on a recipient ‘island ark’ community. In Chapter 5, I first 

establish some basic properties of the system: that behaviour of the prey species is both 

repeatable, and not correlated with their detection rate. This is important given that 

individuals are assumed to have homogenous detection probabilities in most population 

estimation models. And in Chapter 6, I document a trophic cascade driven by quolls that 

elicits shifts in both population size and behaviour of naïve prey (grassland melomys). After 

the arrival of quolls on Indian Island, the survival and abundance of grassland melomys 

(Melomys burtoni) rapidly declined, and behavioural traits of populations invaded by quolls 

changed. Although quoll-invaded melomys populations remained consistently more 

neophobic than quoll-free populations, boldness in quoll-invaded melomys converged with 

that of quoll-free populations through time. Quoll-exposed melomys populations exhibited 

lower per-capita seed take rates, and rapidly developed an avoidance of seeds associated 

with quoll scent, with discrimination playing out over a spatial scale of tens of metres. My 

study of this ‘island ark’ provides a rare insight into the rapid ecological and behavioural shifts 

enacted by prey to mitigate the impacts of a novel predator and shows that trophic cascades 

can be strongly influenced by behavioural as well as numerical responses.  

Globally, we face a rapidly accelerating extinction crisis. In many cases in situ 

conservation is difficult, if not impossible. Isolationist conservation measures, where 

threatened species are removed from the threatening process—captive populations, 
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conservation fences, and ‘island arks’—are often necessary to halt the extinction of the most 

critically endangered species. We must, however, undertake these actions with a long-term 

plan, and with awareness of potential consequences. Central to such considerations is the 

phenotype: we need to move beyond population size as a sole monitoring criterion. The 

value of more quolls, for example, is dramatically undermined if increased population size is 

associated with a shift towards maladaptive phenotypes. Similarly, the trophic cascade that 

results from the introduction of a new predator is not driven solely by the predator’s 

demographic impact, but also by the behavioural shifts in prey resulting from that impact. 

Phenotypes, particularly behavioural phenotypes, can change rapidly in response to 

conservation actions. We would be wise to use that knowledge, or risk unanticipated 

consequences.  
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treatment scent types during a 2-h period. 
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Chapter 5  

 

Figure 5.1. Open field test experimental setup. Each melomys was allowed to explore the 

experimental arena for 10 minutes, after which a novel object (plastic bowl) was placed in 

each arena, and melomys were given a further 10 minutes to forage. 

 

Figure 5.2. Estimated mean detection probability (± CI95%) of grassland melomys (Melomys 

burtoni) in each of four boldness score categories. n indicates the number of melomys falling 

into each boldness category. The black line indicates the minimum linear effect size 

(expressed as the detection probability) that we could have detected with 80% power given 

our sample sizes for each category. 

 

Table 5.1. Generalised linear mixed-effects model (GLMM) testing whether boldness affects 

detection probability with session treated as a random effect. This is the simplest model 

justifiable given our question, and is the model used for our power analysis. 

 

Table 5.2. Generalised linear mixed-effects model (GLMM) testing whether emergence 

latency affects detection probability with session treated as a random effect. 

 

Table 5.3. Generalised linear mixed-effects model (GLMM) testing whether an interaction 

between boldness and trap night affects detection, with session treated as a random effect. 

 

Table 5.4. Generalised linear model (GLM) testing whether mean boldness across three open 

field tests for each individual (n = 30) affects detection probability. 

 

Table 5.5. Generalised linear model (GLM) testing whether mean emergence latency across 

three open field tests for each individual (n = 30) affects detection probability. 

 

Figure 5.3. Estimated power to detect an effect (at a=0.05) with fixed sample sizes (boldness 

score: 0 [n = 47]; 1 [n = 19]; 2 [n = 12]; and 3 [n = 47]), calculated over a range of effect sizes. 
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Chapter 6 

 

Table 6.1. Pairwise distance matrix between sites on Indian Island, Northern Territory, 

Australia. Quolls were present at sites 1–4 and quolls were absent at sites 5–7 for the 

duration of the study. 

 

Figure 6.1. Between trapping session survival (± SE) of grassland melomys (Melomys burtoni) 

on Indian Island in quoll-invaded (n = 4) and quoll-free (n = 3) populations on Indian Island, 

Northern Territory, Australia. 

 

Table 6.2. Results of Cormack-Jolly-Seber analyses used to compare rates of survival (Phi) and 

recapture (p) of grassland melomys (Melomys burtoni) on Indian Island, Northern Territory, 

Australia. The symbols ‘.’ and ‘t’ refer to constant and time, respectively. Table shows AIC 

values and associated AIC weights, model likelihood, number of parameters (N), and model 

deviance. The term ‘w/b’ indicates that within trapping session survival rates (s1-s3, s5-s7, s9-

s11) were constant and equivalent, and different to the between trapping session survival 

rates (s4, s8). The term ‘group w/b’ is as above, except that between trapping session survival 

rates differed between the two groups. 

 

Figure 6.2. Posterior mean population sizes (Nks ± CI95%) for quoll-invaded and quoll-free 

populations of grassland melomys (Melomys burtoni) on Indian Island, Northern Territory, 

Australia. The orange dotted vertical line denotes the timing of the introduction of quolls. 

The red dotted vertical line denotes the timing of an unplanned fire that burnt through the 

quoll-invaded sites. Estimates assume closure of the population within each session and 

detection probability that varies across sessions. 

 

Table 6.3. Model parameters and their priors including prior distributions, standard 

deviation, estimated posterior means and their 95% credible intervals. N denotes normal 

probability distribution with mean and standard deviation. 
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Figure 6.3. Mean proportion (± SE) of grassland melomys (Melomys burtoni) emerging from 

hiding during open field tests from quoll-invaded sites in 2017 (n = 16), 2018 (n = 28) and 

2019 (n = 29), and quoll-free sites in 2017 (n = 14), 2018 (n = 35) and 2019 (n = 24) on Indian 

Island, Northern Territory, Australia. 

 

Figure 6.4. Effect of estimated population size on the number of control, unscented seeds 

removed from seed plots (n = 21) in quoll-invaded and quolls-free sites. Dotted lines denote 

the effect of quoll presence on seed removal rate. 

 

Figure 6.5. Mean (± SE) difference (D) between the number of predator-scented seeds  and 

control, unscented seeds removed by melomys from quoll-invaded (n = 3; 2017 & n = 4; 

2018-19) and quoll-free (n = 4; 2017 & n = 3; 2018-19) sites during each trapping session. 

 

Chapter 7  

 

Figure 7.1. An insurance population of northern quolls (Dasyurus hallucatus) rapidly lost their 

ability to recognise and avoid an important natural predator—the Australian dingo—after 

being conserved on a predator-free ‘island ark’. Photo: Lachlan Gilding. 

 

Figure 7.2. The hypothetical relationship between competitive ability and antipredator traits 

in a predator-free world. If there is a trade-of between antipredator traits and competitive 

ability (a), then the removal of predators could result in increased intraspecific competition 

selecting for highly competitive individuals at the cost of antipredator trait maintenance. The 

relationship between fitness and competitive ability (i.e. the direction of natural selection) is 

strongly dependent on predator density (b). 

 

Appendix I. Supplementary material for Chapter 3  

 

Figure S3.1. Giving-up density boxes. Each quoll was provided with three boxes, each of 

which had a predator-scented or control collar lining the inside of their access holes. Inside 

each box was 2L of wood shavings and 10 mealworms.  
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Appendix II. Supplementary material for Chapter 5 
 

Figure S5.1. Mean proportion (±S.E.) across all sites of new melomys/total captures each 

trapping night between the two trapping occasions (sessions).  
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Chapter 1. Introduction 

 
Declines in biodiversity are a pervasive global phenomenon, occurring despite considerable 

effort to restore species abundance and ecosystem structure (Walker 1995; Soulé et al. 

2003). While still our best strategy, the traditional approach of conserving species in situ in 

protected areas often fails (Balmford et al. 1995; Abbott 2000; Watson et al. 2014). Disease, 

climate change, altered fire regimes, invasive species, and insufficient management can all 

make protected areas poor refuges. Increasingly, then, translocation—the deliberate 

movement of organisms from one area to another (IUCN 1987)—is being used to avoid 

species extinctions. Although reintroduction biology is a relatively new field (Armstrong et al. 

2015), conservation translocations have been exploited for over a century to conserve 

threatened species away from threatening processes. To prevent extinctions in both Australia 

and New Zealand, for example, native species imperilled by mainland threats have been 

translocated to offshore islands since the late 19th century (Copely 1995; Short 2009; Miskelly 

and Powlesland 2013). Popularised as a major conservation strategy in the 1960s and 70s, 

conservation translocations have become increasingly popular every decade since. There are 

now over 1000 documented conservation translocations of New Zealand fauna (McHalick 

1998; Sherley et al. 2010; Miskelly and Powlesland 2013; Armstrong et al. 2015) and over 350 

of Australian fauna (Copely 1995; Short 2009; Armstrong et al. 2015). Due to the evolutionary 

isolation and resulting vulnerability of Australia’s and New Zealand’s native fauna, the 

devastating impact of novel invasive species on naïve natives has been the major motivation 

for conservation translocations in both countries (Armstrong et al. 2015). Since eradication of 

invasive species is typically challenging and rarely achieved (Abbott 2000), in many cases it 

has been much more effective for conservationist to move impacted species to invader-free 

islands. Although many of these island introductions have been praised as spectacular 

success stories (Armstrong et al. 2015), almost none have been able to achieve their long-

term aim of reintroducing these threatened species back to the mainland (Short 2009). 

Historically, the benchmark of success of island introductions of threatened species has been 

their establishment on the host island (Ricciardi and Simberloff 2009; Seddon 2010; Seddon 

et al. 2015). Here, I argue that establishment alone is not enough. We need to assess 

whether maladaptive phenotypic shifts are occurring in havened populations, and we need to 
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consider impacts on the host environment. If, once isolated on an ‘island ark’, threatened 

natives have limited to no prospects of reintroduction to the mainland and the introduction 

potentially comes at the cost of the host island’s ecosystem, there is a far more complex and 

nuanced set of decisions to make than is currently acknowledged.      

 

The ‘island ark’ concept: maintenance of imperilled species until floodwaters recede  

The role of maintaining species for conservation ex situ—in captivity, predator-free 

exclosures and/or ‘island arks’—and later reintroducing them back to where they came from 

is analogous to the biblical story of Noah’s ark. Species imperilled by extinction are conserved 

away from the threat—as if aboard the ark—until threating processes have abated or been 

ameliorated—the floodwaters recede—and they can be returned to their former range. In 

times gone by, this analogy was widely used in the literature (Durrell 1976; Soulé et al. 1986; 

Balmford et al. 1995; Bowkett 2009). The concept of marooning (Williams 1977) threatened 

species until the danger passes is undoubtedly appealing to conservation biologists who have 

long been overburdened with documenting the bleak litany of species extinctions. 

Unfortunately, this fanciful analogy is at odds with reality. Although many endangered 

species prosper when freed from the impacts that threaten them, very few have been 

successfully reintroduced back to the mainland (Moseby et al. 2015) and uncritical reliance 

on this method as the favoured option for endangered species conservation in Australia may 

be short-sighted.  

In most instances, reintroductions to the Australian mainland fail because the 

threatening processes that imperilled the threatened native in the first place have not been 

sufficiently mitigated before they are reintroduced (Moseby et al. 2015; Fischer and 

Lindenmayer 2000; Ewen and Armstrong 2007; Sheean et al. 2012). The vast majority of 

endangered Australian animal species that are conserved in isolation are threatened by 

invasive predators (Johnson and Isaac 2009; Woinarski et al. 2015; Doherty et al. 2016) or 

toxic invasive prey (Shine 2010), and the prospect of ridding the continent of these invaders 

is highly improbable or currently unachievable (Short et al. 1997; Doherty and Ritchie 2017; 

Tingley et al. 2017; Doherty et al. 2019). Wherever threats exist, however, so too do adaptive 
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processes which improve a threatened species ability to persist. Threatening processes, such 

as invasive species, exert strong selective forces on the native ecosystems and evolutionary 

change can occur rapidly as a result (Mooney and Cleland 2001; Strauss et al. 2006; Shine 

2012; Carthey and Banks 2016; Banks et al. 2018). These adaptive changes may occur directly 

or indirectly, and may occur on several biological traits including morphology, life history and 

behaviour (e.g. Carroll 2007; Langkilde 2009; Lapiedra et al. 2018). As soon as species are 

removed from the selective pressure of the threatening process which imperils them, 

however, natural selection vanishes and adaptation to the threatening process ceases. The 

capacity for adaptation is further blunted over time as the population loses genetic diversity 

to drift (e.g. Cardoso et al. 2009). Although, in some cases, these adaptive changes may not 

be rapid enough to counteract reductions in population sizes that lead to extinction (Shine 

2012), I propose we must invest more research effort into understanding and exploiting 

these evolutionary pathways for conservation, completely shielding populations from these 

impacts only as a last resort. When isolated from predators, novel selection regimes typically 

see costly and unnecessary antipredator behaviours fall from an isolated population’s 

repertoire (Kavaliers 1990; van Damme and Castilla 1996; Blumstein 2002; Blumstein and 

Daniel 2005; Lahti et al. 2009). Therefore, any selective pressure enhancing an endangered 

species ability to deal with these invasive predators is lost as soon as they are relegated to an 

‘island ark’.  

 

Assisted colonisation or planned invasions? 

A potential conservation strategy that is garnering increasing attention by conservation 

biologists is the translocation of threatened species to appropriate habitat beyond their 

native range to guard them against human-induced threats, particularly climate change 

(Hoegh-Guldberg et al. 2008), and in Australia and New Zealand, invasive species (Seddon 

2010). At one end of the translocation spectrum are reintroductions—the return of species 

to their former range—at the other end are planned invasions for conservation, including 

assisted colonisation (IUCN/SSC 2013). Conservation biologists are caught between the need 

for rigorous scientific research and a desire for immediate responses to the burgeoning 

biodiversity crisis (Ricciardi and Simberloff 2009). In 2013, the IUCN recognised assisted 
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colonisation as a legitimate, but inherently risky, conservation strategy (IUCN/SSC 2013). 

These schemes are often justified on the basis of prioritising the conservation of the 

threatened species being translocated over the potential costs to the host location, and by 

minimising the invasion risk posed by a threatened species already in decline (Ricciardi and 

Simberloff 2009). Although history shows that it is the minority of accidently translocated 

species that become invasive species (Mack et al. 2000), a species being threatened in one 

area, does not necessarily reduce the risk of it becoming invasive and having unpredictable 

impacts in a new location (e.g. Javan rusa deer (Rusa timorensis) in Australia, green and 

golden bell frogs (Litoria aurea) in New Caledonia and New Zealand, and growling grass frogs 

(Litoria raniformis) in New Zealand; Vörös et al. 2008; Nicolas et al. 2015; Wallach et al. 

2019). Impacts of most biological invasions are unknown (Parker et al. 1999), but mounting 

evidence suggests a broad range of complex, varied, unpredictable and context-dependent 

ecological impacts can result (Parker et al. 1999; Mack et al. 2000; Mooney and Cleland 2001; 

Didham et al. 2005; Charles and Dukes 2008; Doherty et al. 2016). Whether planned or 

accidental, biological invasions can have a profound effect on the composition and function 

of ecosystems, as well as acting directly and indirectly and resulting in complex and 

unanticipated effects on the evolution of native species (Mooney and Cleland 2001; Shine 

2012). 

The most severe impacts of invasive species are usually associated with continent-to-

continent or continent-to-island translocations (Ricciardi and Simberloff 2009; Medina et al. 

2011; Szabo et al. 2012; Bellard et al. 2016; Doherty et al. 2016). In Australia, offshore islands 

are increasingly being used in assisted colonisation efforts to isolate mainland threatened 

species from exotic predators (Seddon et al. 2015; Legge et al. 2018; Moro et al. 2018) and 

toxic invasive prey (Rankmore et al. 2008). Seventy-six percent (n = 45 released on 22 islands) 

of assisted colonisations in Australia have been to offshore islands (Seddon et al. 2015). 

Although many of these translocations have been claimed to be successful (e.g. Griffiths et al. 

2017), almost all of this success has been related to the threatened species’ establishment on 

the island. Unfortunately, the consequences of introducing a novel threatened species for 

the recipient community, especially when the threatened species being introduced is a 

predator, has almost entirely been neglected. Not only can studying these introductions 

provided us with detailed information that can assist us in more accurately assessing the 
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potential outcomes of future assisted colonisations for conservation, they can provide a 

unique opportunity to study the roles novel animals play in the structuring and function of 

island ecosystems.     

 

Northern quolls: two sides of the same coin 

To assess the consequences, for both the species being conserved and the recipient 

community, of conserving threatened species away from mainland threats on offshore ‘island 

arks’, I needed a study species and system. This required a threatened species that had been 

conserved on an ‘island ark’ with the intention of returning it to the mainland via 

reintroduction and a threatened species intended for introduction to additional ‘island arks’ 

to assess the consequences for the island ecosystem of introducing a novel threatened 

species. It would be disingenuous to suggest that northern quolls (Dasyurus hallucatus; Fig. 

1.1) were the obvious study species for this endeavour, or that I had envisaged from the 

onset the perfect nexus of a single species through which I could address both sides of the 

potential consequences of ‘island arks’. In fact, it was only after the failure of a reintroduction 

of northern quolls to the mainland due to predation that the thesis topic presented itself to 

me. Northern quolls did, however, prove to be an interesting and appropriate species to 

study in this regard. In 2003, to prevent their cane toad-driven extinction in the Northern 

Territory, insurance populations of quolls were established on two toad- and predator-free 

islands (Astell and Pobassoo) off North East Arnhem Land. In 2017, we established a new 

‘island ark’ population of ‘toad-smart’ quolls on Indian Island (Kabal), near Darwin, Northern 

Territory. These ‘island ark’ populations provided fertile ground to explore the consequences 

of island isolation on quolls (Astell Island) and also the impacts quolls have as a novel 

predator on an ‘island ark’ (Indian Island). 
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Figure 1.1. A wild northern quoll (Dasyurus hallucatus), Kimberley region, Western Australia. Photo: Lachlan 

Gilding.   

 Northern quolls (Dasyurus hallucatus) are a rabbit-sized (<1.5kg; Oakwood 1997), 

native Australian dasyurid predator. They are generalist, opportunistic carnivores that 

consume a wide variety of insects, amphibians, reptiles and mammals (Oakwood 1997; 

Pollock 1999), although they also occasionally consume fruits and plant material (Dunlop et 

al. 2017). Northern quolls are the smallest of four species of quoll native to Australia (Van 

Dyck et al. 2013). They are short-lived and are the largest of the semelparous marsupials 

(Oakwood et al. 2001), with both sexes maturing at 11 months and males typically dying soon 

after reproduction (Dickman and Braithwaite 1992; Oakwood 2000; Oakwood et al. 2001). In 

the wild, male quolls seldom live longer than 14 months and nearly three quarters of females 

do not survive to produce a second litter (Oakwood 2000). Being predominantly nocturnal, 

quolls generally shelter during the day in dens (tree hollows, rock crevices, fallen logs and 

burrows) and emerge at night to forage (Oakwood 1997). Prior to the arrival of Europeans in 

Australia, northern quolls were distributed across much of northern Australia (Fig. 1.2). They 

are habitat generalists and have historically been associated with a fairly wide range of 

habitats, including rock escarpments, savanna and semi-arid woodlands, monsoon vine 
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thicket, human settlements and urban areas (Braithwaite and Griffiths 1994; Oakwood 2000; 

Moore et al. 2019). In areas where quolls have declined and their range has contracted, 

however, they typically become restricted to higher quality habitats with topographic 

complexity and rocky refugia (Woinarski et al. 2008; Moore et al. 2019). 

 

 
Figure 1.2. Map of Australia showing the distribution of northern quolls (light grey: historical range; dark grey: 

range based on occurrences since 1990) and cane toads (solid line: current range of cane toad as of 2017; dotted 

line: approximate predicted extent of cane toad invasion (Kearney et al. 2008)). Distribution data from the Atlas 

of Living Australia (website at http://www.ala.org.au. Accessed 9 April 2018) for quolls and from Tingley et al. 

(2017) for toads. Figure constructed by Ella Kelly, adapted from Kelly and Phillips 2019. Note: toads have spread 

across the Northern Territory since 1990, so the vast majority of quoll populations indicated in the Northern 

Territory are likely extinct. Toads have also advanced westwards and, as of December 2019, have almost made it 

to the west coast of Western Australia, so it is also likely that many of the north-western Kimberley populations 

of quolls are also extinct. 

 

Australia leads the world in contemporary mammalian extinctions, with more than a 

quarter of Australia’s native mammal species having been lost since European settlement 

(Short and Smith 1994; Woinarski et al. 2015). Many of these extinctions have been 
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attributed to native animals being ineffective at mounting appropriate antipredator 

responses to invasive predators (Banks and Dickman 2007; Salo et al. 2007; Carthey and 

Banks 2014; Woinarski et al. 2015, 2019). More recently, however, failure to respond 

appropriately to toxic invasive prey has further imperiled some native predators (Shine 

2010). Since 1935, the spread of highly toxic cane toads (Rhinella marina) across northern 

and eastern Australia has caused severe declines in some large predators via fatal toxic 

ingestion (Shine 2010). Australian animals of Gondwanan origins have had no evolutionary 

history of exposure to bufonid toad toxins, and these predators are extremely sensitive to 

toad defensive toxins (Phillips et al. 2003; Smith and Phillips 2006; Ujvari et al. 2013). The 

invasion of cane toads across Australia is responsible for massive, rapid and conspicuous 

population declines in a number of large species of lizard and elapid snake (Doody et al. 

2009; Price-Rees et al. 2010; Shine 2010; Jolly et al. 2015, 2016) and freshwater crocodiles 

(Letnic et al. 2008), and, in northern quolls, toads are responsible for local and region 

extinctions of already degraded metapopulations (Oakwood and Foster 2008; Woinarski et al. 

2010, 2011). Prior to the arrival of toads, quoll populations had suffered declines and range 

contractions across northern Australia due to land clearing, grazing of livestock, altered fire 

regimes and invasive predators (Braithwaite and Griffiths 1994; Hill and Ward 2010; Fig. 1.2). 

The arrival of toads has, however, caused dramatic declines so severe that northern quolls 

are now federally and globally listed as Endangered (EPBC 1999; Oakwood et al. 2016). Cane 

toads are predicted to eventually invade the entire distribution of northern quolls (Kearney et 

al. 2008; Fig. 1.2). With no means of halting their invasion or eradicating toads from already 

invaded areas (Tingley et al. 2017), conservationists have turned to investigating ways to help 

the northern quolls persist alongside toads and recover from their impacts (O’Donnell et al. 

2010; Cremona et al. 2017; Tingley et al. 2017; Kelly 2019; Indigo 2019).  

 To thwart local extinctions of northern quolls following the arrival of toads to new 

areas, conditioned taste aversion (CTA) has been trialled to promote avoidance of toads as 

prey (O’Donnell et al. 2010). Conditioned taste aversion is a training technique that sees 

individual quolls taught to avoid live toads after a single, non-fatal encounter with a small, 

sublethal toad or toad-meat sausage paired with a nausea-inducing drug (O’Donnell et al. 

2010; Indigo et al. 2018a). When effective, trained quolls then associate live cane toads with 

the previous nausea-inducing experience and avoid attacking toads thereafter. CTA has 
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successfully trained quolls to avoid toads in captivity (O’Donnell et al. 2010; Indigo et al. 

2018a), and, in the short-term, CTA trained individuals can survive after being released into a 

toad-invaded landscape (O’Donnell et al. 2010). In 2010, the reintroduction of 50 CTA-trained 

northern quolls to the East Alligator region of northern Kakadu National Park showed that, 

not only can some trained ‘toad-smart’ quolls survive and reproduce, but some of their 

offspring also avoid consuming cane toads (Webb et al. 2015; Cremona et al. 2017). The 

presence of wild, naturally ‘toad-smart’ male quolls at the reintroduction site, however, 

made it unclear whether wild-born quolls learnt to avoid toads via cultural transmission (by 

mimicking their mothers), via genetic inheritance of toad avoidance traits from their fathers 

(Kelly and Phillips 2017), or from the ingestion of small, non-lethal toads that induce aversion 

to live toads (Webb et al. 2008). During my PhD, I had intended to isolate these competing 

hypotheses by reintroducing toad-trained quolls to an area without a free-living, ‘toad-smart’ 

population of quolls to test whether reintroducing a single cohort of CTA-trained ‘toad-smart’ 

quolls could promote multi-generational recovery via cultural transmission of toad aversion. 

Unfortunately, the maintenance of these quolls on a predator-free island appears to have 

stymied their ability to return to the wild, and thus, this project could not be pursued any 

further. Since that failed endeavour to test the ability of conditioned taste aversion to 

promote meaningful conservation benefits, the longer-term benefits of this technique have 

been assessed in recently toad-invaded populations of quolls in the Kimberley region of 

Western Australia. Evidence from this recent project suggests that deploying the technique 

on a landscape-scale is neither logistically practical nor reliably effective in promoting 

population-level persistence of northern quolls (Indigo et al. 2018b; Indigo 2019). In fact, 

post-invasion survival of ‘trained’ quoll populations was no better than survival in populations 

that received no training (Indigo 2019). There remains no evidence that quolls are able to 

pass on knowledge of toad aversion to their offspring via cultural transmission. Toad 

aversion, however, has been found to be an evolved and heritable trait in quolls (Kelly and 

Phillips 2017). It is by exploiting and assisting the evolution of toad aversion—via targeted 

gene flow—that the most promising means of promoting recovery in quolls has been borne 

(Kelly and Phillips 2019).  
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Thesis objectives 

  

In this thesis, I examine the consequences of ‘island arks’ for endangered species and 

recipient communities. Firstly, using northern quolls as my study species, I address the 

consequences of ‘island ark’ conservation for the endangered species being conserved. 

In Chapter 2, I document an unsuccessful reintroduction of northern quolls from 

Astell Island to southern Kakadu National Park on the Australian mainland. Although quolls 

that were trained to be ‘toad-smart’ survived longer than quolls that received no training, the 

reintroduction ultimately failed because of predation by dingoes (a native top-order 

predator). The aim of this study, and of my entire PhD at the time, was to determine whether 

toad-aversion training could instil multi-generational recovery from toads in northern quolls. 

The failure of this reintroduction due to predators, rather than cane toads, motivated a 

change in perspective and direction. I began to question whether the conservation of quolls 

on a predator-free ‘island ark’ may have resulted in unintended maladaptation for mainland 

reintroduction. 

In Chapter 3, I conduct a follow up study which showed that after only 13 generations 

isolated on this ‘island ark’, quolls did not appear to recognise the scent of dingoes and cats; 

predators with which quolls had coevolved alongside on the Australian mainland for at least 

3500 and 130 years, respectively. Unlike their isolated island conspecifics, wild-caught and 

captive-born mainland quolls (from populations with continuous exposure to predators) both 

recognised and avoided the scent of cats and dingoes.  

In Chapter 4, I also found that using instrumental conditioning to re-establish 

antipredator behaviours in ‘island ark’ conserved quolls was not straightforward: training 

protocols that were logistically and ethically feasible did not work, suggesting that the 

protocols were either inadequate or that it is difficult to train individuals that have totally lost 

predator recognition.  

In 2017, a conservation introduction of northern quolls to a new island (Indian Island, 

Northern Territory) provided a unique opportunity for a detailed investigation of the direct 

and indirect impacts of an introduced novel predator on a recipient ‘island ark’ community. 

On Indian Island, I monitored populations of a native, granivorous rodent (grassland melomys 

Melomys burtoni) to study the effects of quolls as an introduced, novel predator.  
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In Chapter 5, I first establish some basic properties of this island system: behaviour of 

the prey species (grassland melomys) is both repeatable and not correlated with their 

detection rate. Increasingly behavioural ecologists suggest that personality traits, particularly 

individual boldness, could result in sampling bias. I present an example of animal personality 

affecting neither trappability nor detection probability. Despite having distinct personalities, 

detection probabilities of grassland melomys were not influenced by whether they were ‘shy’ 

or ‘bold’. I provide evidence that heterogeneity in personality does not inevitably lead to 

heterogeneity in detection probability. This is important given that individuals are assumed 

to have homogenous detection probabilities in most population estimation models. 

In Chapter 6, I document a trophic cascade driven by quolls that elicits shifts in both 

population size and behaviour of naïve prey (grassland melomys). After the arrival of quolls 

on Indian Island, the survival and abundance of melomys rapidly declined, and behavioural 

traits of populations invaded by quolls changed. Although quoll-invaded melomys 

populations remained consistently more neophobic than quoll-free populations, boldness in 

quoll-invaded melomys converged with that of quoll-free populations through time. Quoll-

exposed melomys populations exhibited lower per-capita seed take rates, and rapidly 

developed an avoidance of seeds associated with quoll scent, with discrimination playing out 

over a spatial scale of tens of metres. My study of this ‘island ark’ provides a rare insight into 

the rapid ecological and behavioural shifts enacted by prey to mitigate the impacts of a novel 

predator and shows that trophic cascades can be strongly influenced by behavioural as well 

as numerical responses.  

In Chapter 7, I postulate that rapid evolution may cause conservation havens to 

further threaten endangered species. Globally, many species have declined so precipitously 

that our only option has been to move them into ‘havens’—islands and fenced areas—free 

from threats such as introduced predators. This ensures persistence of threatened taxa by 

removing the demographic burden of predation, but also blunts predator-imposed natural 

selection. The species is saved, but we are now learning that havening can also select for 

bold, hyper-competitive individuals, causing rapid evolutionary loss of antipredator traits. 

This rapid trait loss undermines the value of havening as a conservation strategy, and so 

demands our close attention. 
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Overall, this thesis aims to address some of the complexity and nuance that is 

currently being overlooked in the global conservation landscape, where the default option is 

often to isolate threatened species from threatening processes with the implicit assumption 

that at some point in the future they can be returned to the wild. I argue, however, that we 

must only undertake these isolationist conservation actions with a long-term plan, and with 

awareness of potential consequences. Central to such considerations is the phenotype: we 

need to move beyond population size as a sole monitoring criterion. The value of more 

quolls, for example, is dramatically undermined if increased population size is associated with 

a shift towards maladaptive phenotypes. Similarly, the trophic cascade that results from the 

introduction of a new predator is not driven solely by the predator’s demographic impact, 

but also by the behavioural shifts in prey resulting from that impact. Phenotypes, particularly 

behavioural phenotypes, can change rapidly in response to conservation actions. We would 

be wise to use that knowledge, or risk unanticipated consequences.  



 20 

References 

 

Abbott I. (2000) Improving the conservation of threatened and rare mammal species through 

translocation to islands: case study Western Australia. Biol. Cons. 93, 195–201. 

Armstrong D., Hayward M., Moro D. & Seddon P. (2015) Advances in reintroduction biology of 

Australian and New Zealand fauna. CSIRO Publishing. Collingwood, Victoria. 

Balmford A., Leader-Williams N. & Green M. J. B. (1995) Parks or arks: where to conserve 

threatened mammals? Biodivers. Conserv. 4, 595–607. 

Banks P. B., Carthey A. J. R. & Bytheway J. P. (2018) Australian native mammals recognize and 

respond to alien predators: a meta-analysis. Proc. R. Soc. B 285, 20180857. 

Banks P. B. & Dickman C. R. (2007) Alien predation and the effects of multiple levels of prey 

naiveté. Trends Ecol. Evol. 22, 229–230. 

Bellard C., Genovesi P. & Jeschke J. M. (2016) Global patterns in threats to vertebrates by 

biological invasions. Proc. R. Soc. B 283, 20152454. 

Blumstein D. T. (2002) Moving to suburbia: ontogenetic and evolutionary consequences of 

life on predator-free islands. J. Biogeogr. 29, 685–692. 

Blumstein D. T. & Daniel J. C. (2005) The loss of anti-predator behaviour following isolation on 

islands. Proc. R Soc. B Biol. Sci. 272, 1663–1668. 

Bowkett A. E. (2009) Recent captive-breeding proposals and the return of the ark concept to 

global species conservation. Conserv. Biol. 23, 773–776. 

Braithwaite R. & Griffiths A. (1994) Demographic variation and range contraction in the 

northern quoll, Dasyurus hallucatus (Marsupialia: Dasyuridae). Wildl. Res. 21, 203–217. 

Cardoso M. J., Eldridge M. D. B., Oakwood M., Rankmore B., Sherwin W. B. & Firestone K. B. 

(2009) Effects of founder events on the genetic variation of translocated island populations: 

implications for conservation management of the northern quoll. Conserv. Genet. 10, 1719–

1733. 



 21 

Carroll S. P. (2007) Natives adapting to invasive species: ecology, genes, and the sustainability 

of conservation. Ecol. Res. 22, 892–901. 

Carthey A. J. R. & Banks P. B. (2014) Naïveté in novel ecological interactions: lessons from 

theory and experimental evidence. Biol. Rev. 89, 932–949. 

Carthey A. J. R. & Banks P. B. (2016) Naiveté is not forever: responses of a vulnerable native 

rodent to its long-term alien predators. Oikos 125, 918–926. 

Charles H. & Dukes J. S. (2008) Impacts of invasive species on ecosystem services. In: 

Biological Invasions pp. 217–237 Springer, Berlin, Heidelberg. 

Copely P. B. (1995) Translocation of native vertebrates in South Australia: a review. In: 

Reintroduction Biology of Australian and New Zealand Fauna pp. 35–42 Surrey Beatty and 

Sons, Sydney. 

Cremona T., Spencer P., Shine R. & Webb J. K. (2017) Avoiding the last supper: parentage 

analysis indicates multi-generational survival of re-introduced ‘toad-smart’ lineage. Conserv. 

Genet. 18, 1475–1480.  

van Damme R. & Castilla A. M. (1996) Chemosensory predator recognition in the lizard 

Podarcis hispanica: Effects of predation pressure relaxation. J. Chem. Ecol. 22, 13–22. 

Dickman C. R. & Braithwaite R. W. (1992) Postmating mortality of males in the dasyurid 

marsupials, Dasyurus and Parantechinus. J. Mammal. 73, 143–147. 

Didham R. K., Tylianakis J. M., Hutchison M. A., Ewers R. M. & Gemmell N. J. (2005) Are 

invasive species the drivers of ecological change? Trends Ecol. Evol. 20, 470–474. 

Doherty T. S., Driscoll D. A., Nimmo D. G., Ritchie E. G. & Spencer R.-J. (2019) Conservation or 

politics? Australia’s target to kill 2 million cats. Conserv. Lett. 12, e12633. 

Doherty T. S., Glen A. S., Nimmo D. G., Ritchie E. G. & Dickman C. R. (2016) Invasive predators 

and global biodiversity loss. Proc. Natl. Acad. Sci. USA 113, 11261–11265. 

Doherty T. S. & Ritchie E. G. (2017) Stop jumping the gun: a call for evidence-based invasive 

predator management. Conserv. Lett. 10, 15–22. 



 22 

Doody J. S., Green B., Rhind D., Castellano C. M., Sims R. & Robinson T. (2009) Population-

level declines in Australian predators caused by an invasive species. Anim. Conserv. 12, 46–

53. 

Dunlop J. A., Rayner K. & Doherty T. S. (2017) Dietary flexibility in small carnivores: a case 

study on the endangered northern quoll, Dasyurus hallucatus. J. Mammal. 98, 858–866. 

Durrell G. (1976) The Stationary Ark. Collins, London. 

EPBC (1999) EPBC Act referral guideline for the endangered northern quoll (ed 2016). 

Commonwealth of Australia, Canberra. 

Ewen J. G. & Armstrong D. P. (2007) Strategic monitoring of reintroductions in ecological 

restoration programmes. Ecoscience 14, 401–409. 

Fischer J. & Lindenmayer D. B. (2000) An assessment of the published results of animal 

relocations. Biol. Conserv. 96, 1–11. 

Griffiths A. D., Rankmore B., Brennan K. & Woinarski J. C. Z. (2017) Demographic evaluation 

of translocating the threatened northern quoll to two Australian islands. Wildl. Res. 44, 238–

247. 

Hill B. & Ward S. (2010) National recovery plan for the northern quoll Dasyurus hallucatus. 

Department of Natural Resources, Environment, The Arts and Sport, Darwin. 

Hoegh-Guldberg O., Hughes L., McIntyre S. et al. (2008) Assisted colonization and rapid 

climate change. Science 321, 345–346. 

Indigo N. L. (2019) Safeguarding the northern quoll. Can we mitigate cane toad impacts 

through conditioned taste aversion? PhD Thesis, University of Technology, Sydney. 

Indigo N. L., Smith J., Webb J. K. & Phillips B. (2018a) Not such silly sausages: Evidence 

suggests northern quolls exhibit aversion to toads after training with toad sausages. Austral 

Ecol. 43, 592–601. 



 23 

Indigo N. L., Smith J., Webb J. K. & Phillips B. (2018b) Bangers and cash: Baiting efficiency in a 

heterogeneous population. Ecology. [online]. Available from: 

http://biorxiv.org/lookup/doi/10.1101/379743 

IUCN (1987) IUCN position statement on the translocation of living organisms: introductions, 

re-introductions, and re-stocking. Gland, Switzerland. 

IUCN/SSC (2013) Guidelines for Reintroductions and Other Conservation Translocations. 

Gland, Switzerland. [online]. Available from: 

https://portals.iucn.org/library/efiles/documents/2013-009.pdf. 

Johnson C. N. & Isaac J. L. (2009) Body mass and extinction risk in Australian marsupials: the 

‘Critical Weight Range’ revisited. Austral Ecol. 34, 35–40. 

Jolly C. J., Shine R. & Greenlees M. J. (2015) The impact of invasive cane toads on native 

wildlife in southern Australia. Ecol. Evol. 5, 3879–3894. 

Jolly C. J., Shine R. & Greenlees M. J. (2016) The impacts of a toxic invasive prey species (the 

cane toad, Rhinella marina) on a vulnerable predator (the lace monitor, Varanus varius). Biol. 

Invasions 18, 1499–1509. 

Kavaliers M. (1990) Responsiveness of deer mice to a predator, the short-tailed weasel: 

population differences and neuromodulatory mechanisms. Physiol. Zool. 63, 388–407. 

Kearney M., Phillips B. L., Tracy C. R., Christian K. A., Betts G. & Porter W. P. (2008) Modelling 

species distributions without using species distributions: the cane toad in Australia under 

current and future climates. Ecography 31, 423–434. 

Kelly E. (2019) Targeted gene flow for conservation: northern quolls and the invasive cane 

toad. PhD Thesis, University of Melbourne. 

Kelly E. & Phillips B. L. (2017) Get smart: native mammal develops toad-smart behavior in 

response to a toxic invader. Behav. Ecol. 28, 854–858. 

Kelly E. & Phillips B. L. (2019) Targeted gene flow and rapid adaptation in an endangered 

marsupial. Conserv. Biol. 33, 112–121. 



 24 

Lahti D. C., Johnson N. A., Ajie B. C., Otto S. P., Hendry A. P., Blumstein D. T., Coss R. G., 

Donohue K. & Foster S. A. (2009) Relaxed selection in the wild. Trends Ecol. Evol. 24, 487–

496. 

Langkilde T. (2009) Invasive fire ants alter behavior and morphology of native lizards. Ecology 

90, 208–217. 

Lapiedra O., Schoener T. W., Leal M., Losos J. B. & Kolbe J. J. (2018) Predator-driven natural 

selection on risk-taking behavior in anole lizards. Science 360, 1017–1020. 

Legge S., Woinarski J. C. Z., Burbidge A. A., Palmer R., Ringma J., Radford J. Q., Mitchell N., 

Bode M., Wintle B., Baseler M., Bentley J., Copely P., Dexter N., Dickman C. R., Gillespie G. R., 

Hill B., Johnson C. N., Latch P., Letnic M., Manning A., McCreless E. E., Menkhorst P., Morris 

K., Moseby K., Page M., Pannell D. & Tuft K. (2018) Havens for threatened Australian 

mammals: the contributions of fenced areas and offshore islands to the protection of 

mammal species susceptible to introduced predators. Wildl. Res. 45, 627–644. 

Letnic M., Webb J. K. & Shine R. (2008) Invasive cane toads (Bufo marinus) cause mass 

mortality of freshwater crocodiles (Crocodylus johnstoni) in tropical Australia. Biol. Conserv. 

141, 1773–1782. 

Mack R. N., Simberloff D., Lonsdale W. M., Evans H., Clout M. & Bazzaz F. A. (2000) Biotic 

invasions: causes, epidemiology, global consequences, and control. Ecol. Appl. 10, 689–710. 

McHalick O. (1998) Translocation database summary. Threatened species occasional 

publication No. 14. Department of Conservation, Wellington, New Zealand. 

Medina F. M., Bonnaud E., Vidal E., Tershy B. R., Zavaleta E. S., Donlon C. J., Keitt B. S., Le 

Corre M., Horwath S. V. & Nogales M. (2011) A global review of the impacts of invasive cats 

on island endangered vertebrates. Glob. Change Biol. 17, 3503–3510. 

Miskelly C. M. & Powlesland R. G. (2013) Conservation translocations of New Zealand birds. 

Notornis 60, 3–28.  

Mooney H. A. & Cleland E. E. (2001) The evolutionary impact of invasive species. Proc. Natl. 

Acad. Sci. USA 98, 5446–5451. 



 25 

Moore H. A., Dunlop J. A., Valentine L. E., Woinarski J. C. Z., Ritchie E. G., Watson D. M. & 

Nimmo D. G. (2019) Topographic ruggedness and rainfall mediate geographic range 

contraction of a threatened marsupial predator. Divers. Distrib. 25, 1818–1831.  

Moro D., Ball D. & Bryant S. (2018) Australian island arks: conservation, management and 

opportunities. CSIRO Publishing, Collingwood, Victoria. 

Moseby K. E., Carthey A. J. R. & Schroeder T. (2015) The influence of predators and prey 

naivety on reintroduction success: current and future directions. In: Advances in 

Reintroduction Biology of Australia and New Zealand Fauna pp. 29–42 CSRIO Publishing, 

Collingwood, Victoria. 

Nicolas V., Grandcolas P., Braux F., Jourdan H., Malau A., Couloux A. & Ohler A. (2015) Recent 

species in old Islands: the origin of introduced populations of Litoria aurea (Anura: Hylidae) in 

New Caledonia and Wallis. Amphib. Reptilia 36, 65–81. 

Oakwood M. (1997) The Ecology of the Northern Quoll, Dasyurus hallucatus. PhD Thesis, 

Australian National University. 

Oakwood M. (2000) Reproduction and demography of the northern quoll, Dasyurus 

hallucatus, in the lowland savanna of northern Australia. Aust. J. Zool. 48, 519–539. 

Oakwood M., Bradley A. J. & Cockburn A. (2001) Semelparity in a large marsupial. Proc. R. 

Soc. B 268, 407–411. 

Oakwood M. & Foster P. (2008) Monitoring extinction of the northern quoll. Aust. Acad. Sci. 

Newsletter 71, 6. 

Oakwood, M., Woinarski, J. & Burnett, S. (2016) Dasyurus hallucatus. The IUCN Red List of 

Threatened Species 2016: e.T6295A21947321. http://dx.doi.org/10.2305/IUCN.UK.2016-

2.RLTS.T6295A21947321.en. Downloaded on 11 December 2019. 

O’Donnell S., Webb J. K. & Shine R. (2010) Conditioned taste aversion enhances the survival 

of an endangered predator imperilled by a toxic invader. J. Appl. Ecol. 47, 558–565. 



 26 

Parker I. M., Simberloff D., Lonsdale W. M., Goodell K., Wonham M. Kareiva P. M., Williamson 

M. H., Von Holle B., Moyle P. B., Byers J. E. & Goldwasser L. (1999) Impact: toward a 

framework for understanding the ecological effects of invaders. Biol. invasions 1, 3–19. 

Phillips B. L., Brown G. P. & Shine R. (2003) Assessing the potential impact of cane toads on 

Australian snakes. Conserv. Biol. 17, 1738–1747. 

Pollock A. B. (1999) Notes on status, distribution and diet of northern quoll Dasyurus 

hallucatus in the Mackay-Bowen area, mideastern Queensland. Aust. Zool. 31, 388–395. 

Price-Rees S. J., Brown G. P. & Shine R. (2010) Predation on toxic cane toads (Bufo marinus) 

may imperil bluetongue lizards (Tiliqua scincoides intermedia, Scincidae) in tropical Australia. 

Wildl. Res. 37, 166–173. 

Rankmore B. R., Griffiths A. D., Woinarski J. C. Z., Ganambarr B. L., Taylor R., Brennan K., 

Firestone K. & Cardoso M. (2008) Island translocation of the northern quoll Dasyurus 

hallucatus as a conservation response to the spread of the cane toad Chaunus (Bufo) marinus 

in the Northern Territory, Australia. Report to the Australian Government's Natural Heritage 

Trust. 

Ricciardi A. & Simberloff D. (2009) Assisted colonization is not a viable conservation strategy. 

Trends Ecol. Evol. 24, 248–253. 

Salo P., Korpimaki E., Banks P. B., Nordstrom M. & Dickman C. R. (2007) Alien predators are 

more dangerous than native predators to prey populations. Proc. R. Soc. B 274, 1237–1243. 

Seddon P. J. (2010) From reintroduction to assisted colonization: moving along the 

conservation translocation spectrum. Restor. Ecol. 18, 796–802. 

Seddon P. J., Moro D., Mitchell N. J., Chauvenet A. L. & Mawson P. R. (2015) Proactive 

conservation or planned invasion? Past, current and future use of assisted colonisation. In: 

Advances in reintroduction biology of Australian and New Zealand fauna pp. 105–126 CSIRO 

Publishing, Collingwood, Victoria. 

Sheean V. A., Manning A. D. & Lindenmayer D. B. (2012) An assessment of scientific 

approaches towards species relocations in Australia. Austral Ecol. 37, 204–215. 



 27 

Sherley G. H., Stringer I. A. & Parrish G. R. (2010) Summary of native bat, reptile, amphibian 

and terrestrial invertebrate translocations in New Zealand. Science for Conservation No. 303. 

Department of Conservation, Wellington, New Zealand. 

Shine R. (2010) The ecological impact of invasive cane toads (Bufo marinus) in Australia. Q. 

Rev. Biol. 85, 253–291. 

Shine R. (2012) Invasive species as drivers of evolutionary change: cane toads in tropical 

Australia. Evol. Appl. 5, 107–116. 

Short J. (2009) The characteristics and success of vertebrate translocations within Australia. 

Wildlife Research and Management Pty Ltd, Perth, and Australian Government Department 

of Agriculture, Fisheries and Forestry, Canberra. 

Short J. & Smith A. (1994) Mammal decline and recovery in Australia. J. Mammal. 75, 288–

297. 

Short J., Turner B., Risbey D. A. & Carnamah R. (1997) Control of feral cats for nature 

conservation. II. population reduction by poisoning. Wildl. Res. 24, 703–714. 

Smith J. G. & Phillips B. L. (2006) Toxic tucker: the potential impact of cane toads on 

Australian reptiles. Pac. Conserv. Biol. 12, 40–49. 

Soulé M. E., Estes J. A., Berger J. & Del Rio C. M. (2003) Ecological effectiveness: conservation 

goals for interactive species. Cons. Biol. 17, 1238–1250. 

Soulé M., Gilpin M., Conway W. & Foose T. (1986) The millenium ark: How long a voyage, 

how many staterooms, how many passengers? Zoo Biol. 5, 101–113. 

Strauss S. Y., Lau J. A. & Carroll S. P. (2006) Evolutionary responses of natives to introduced 

species: what do introductions tell us about natural communities? Ecol. Lett. 9, 357–374. 

Szabo J. K., Khwaja N., Garnett S. T. & Butchart S. H. M. (2012) Global patterns and drivers of 

avian extinctions at the species and subspecies level. PLoS ONE 7, e47080. 

Tingley R., Ward-Fear G., Schwarzkopf L., Greenlees M. J., Phillips B. L., Brown G., Clulow S., 

Webb J., Capon R., Sheppard A., Strive T., Tizard M. & Shine R. (2017) New weapons in the 



 28 

toad toolkit: a review of methods to control and mitigate the biodiversity impacts of invasive 

cane toads (Rhinella marina). Q. Rev. Biol. 92, 123–149. 

Ujvari B., Oakwood M. & Madsen T. (2013) Queensland northern quolls are not immune to 

cane toad toxin. Wildl. Res. 40, 228–231. 

Van Dyck S., Gynther I. & Baker A. (2013) Field Companion to the Mammals of Australia. New 

Holland Publishers, Sydney. 

Vörös J., Mitchell A., Waldman B., Goldstien S. & Gemmell N. J. (2008) Crossing the Tasman 

Sea: Inferring the introduction history of Litoria aurea and Litoria raniformis (Anura: Hylidae) 

from Australia into New Zealand. Austral Ecol. 33, 623–629. 

Walker B. (1995) Conserving biological diversity through ecosystem resilience. Conserv. Biol. 

9, 747–752. 

Wallach A. D., Lundgren E., Batavia C., Nelson M. P., Yanco E., Linklater W. L., Carroll S. P., 

Celermajer D., Brandis K. J., Steer J. & Ramp D. (2019) When all life counts in conservation. 

Conserv. Biol. doi: 10.1111/cobi.13447. 

Watson J. E. M., Dudley N., Segan D. B. & Hockings M. (2014) The performance and potential 

of protected areas. Nature 515, 67–73. 

Webb J. K., Brown G. P., Child T., Greenlees M. J., Phillips B. L. & Shine R. (2008) A native 

dasyurid predator (common planigale, Planigale maculata) rapidly learns to avoid a toxic 

invader. Austral Ecol. 33, 821–829. 

Webb J. K., Legge S., Tuft K., Cremona T. & Austin C. (2015) Can we mitigate cane toad 

impacts on northern quolls? In: National Environmental Research Program, Northern 

Australia Hub. Charles Darwin University, Darwin. 

Williams G. R. (1977) Marooning—a technique for saving threatened species from extinction. 

Int. Zoo. Yearb. 17, 102–106. 

Woinarski J. C. Z., Armstrong M., Brennan K., Fisher A., Griffiths A. D., Hill B., Milne D. J., 

Palmer C., Ward S., Watson M., Winderlich S. & Young S. (2010) Monitoring indicates rapid 



 29 

and severe decline of native small mammals in Kakadu National Park, northern Australia. 

Wildl. Res. 37, 116–126. 

Woinarski J. C. Z., Braby M. F., Burbidge A. A., Coates D., Garnett S. T., Fensham R. J., Legge S. 

M., McKenzie N. L., Silcock J. L. & Murphy B. P. (2019) Reading the black book: The number, 

timing, distribution and causes of listed extinctions in Australia. Biol. Conserv. 239, 108261.  

Woinarski J. C. Z., Burbidge A. A. & Harrison P. L. (2015) Ongoing unravelling of a continental 

fauna: decline and extinction of Australian mammals since European settlement. Proc. Natl. 

Acad. Sci. USA 112, 4531–4540. 

Woinarski J. C. Z., Oakwood M., Winter J., Burnette S., Milne D., Foster P., Myles H. & Holmes 

B. (2008) Surviving the toads: patterns of persistence of the northern quoll Dasyurus 

hallucatus in Queensland. Report to The Australian Government’s Natural Heritage Trust.  

Woinarski J. C. Z., Ward S., Mahney T., Bradley J., Brennan K., Ziembicki M. & Fisher A. (2011) 

The mammal fauna of the Sir Edward Pellew island group, Northern Territory, Australia: 

refuge and death-trap. Wildl. Res. 38, 307–322. 



 30 

Chapter 2. Out of the frying pan: Reintroduction of 

toad-smart northern quolls to southern Kakadu 

National Park 

 

Manuscript published:  

Jolly C. J., Kelly E., Gillespie G. R., Phillips B. & Webb J. K. (2018). Out of the frying pan: 

reintroduction of toad-smart northern quolls to southern Kakadu National Park. Austral 

Ecology, 43, 139–149.  

 

Abstract 

 

Invasive species are a leading cause of native biodiversity loss. In Australia, the toxic, invasive 

cane toad Rhinella marina has caused massive and widespread declines of northern quolls 

Dasyurus hallucatus. Quolls are fatally poisoned if they mistakenly prey on adult toads. To 

prevent the extinction of this native dasyurid from the Top End, an insurance population was 

set up in 2003 on two toad-free islands in Arnhem Land. In 2016, quolls were collected from 

one of these islands (Astell) for reintroduction. We used conditioned taste aversion to render 

22 of these toad-naïve quolls toad averse. Seven quolls received no taste aversion training. 

The source island was also predator-free, so all quolls received very basic predator-aversion 

training. In an attempt to reestablish the mainland population, we reintroduced these 29 

northern quolls into Kakadu National Park in northern Australia where cane toads have been 

established for 13 years. The difference in survival between toad-averse and toad-naive 

quolls was immediately apparent. Toad-naive quolls were almost all killed by toads within 

three days. Toad-averse quolls, on the other hand, not only survived longer but also were 

recorded mating. Our predator training, however, was far less effective. Dingo predation 

accounted for a significant proportion of toad-smart quoll mortality. In Kakadu, dingoes have 

been responsible for high levels of quoll predation in the past and reintroduced animals are 

often vulnerable to predation-mediated population extinction. Dingoes may also be more 

effective predators in fire degraded landscapes. Together, these factors could explain the 
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extreme predation mortality that we witnessed. In addition, predator aversion may have 

been lost from the predator-free island populations. These possibilities are not mutually 

exclusive but need to be investigated because they have clear bearing on the long-term 

recovery of the endangered northern quoll.  
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Introduction 

 

The ecological impacts of invasive species are a major conservation concern and a leading 

cause of biodiversity loss (Mack et al. 2000; McGeoch et al. 2010). Typically, the management 

focus for invasive species is on reducing or eradicating populations. These direct approaches, 

however, are challenging to sustain and rarely successful on a landscape-scale (Myers et al. 

2000). An alternative approach is to modify the responses of vulnerable taxa to render them 

more resilient to invasive species. By manipulating vulnerable taxa, we can improve anti-

predator behaviours (van Heezik et al. 1999; Moseby et al. 2012) or teach aversion to 

inappropriate prey (Ellins et al. 1977; Nicolaus et al. 1983; Conover 1990). If learned 

behaviours are altered to provide resilience against an invader, these behaviours may be 

passed between individuals and through successive generations via cultural transmission 

(Galef and Giraldeau 2001) and such culturally transmitted behaviours can, in principle, 

persist indefinitely (Dawkins 1976). Mammals in particular often learn from their parents 

(Mirza and Provenza 1990; Griffin 2004), allowing rapid acquisition of novel behaviours. By 

exploiting these pathways of rapid behavioural exchange from one generation to the next, 

we may be able to effect beneficial lasting behavioural change in vulnerable taxa.  

More than a quarter of Australia’s native mammal species have been lost since 

European settlement (Short and Smith 1994; Woinarski et al. 2015). Some of these 

extinctions have been attributed to ineffective responses of natives to invasive predators 

(Banks and Dickman 2007; Salo et al. 2007; Carthey and Banks 2014). More recently, 

however, failure to respond appropriately to toxic invasive prey has further imperiled some 

native predators (Shine 2010). Since 1935, the spread of highly toxic cane toads Rhinella 

marina across Australia has caused severe declines in frog-eating predators via fatal ingestion 

(Shine 2010). Animals of Gondwanan origins have had no evolutionary history of exposure to 

toad toxins (cf. rodents; Cabrera-Guzmán et al. 2015), and these predators are extremely 

sensitive to them (Phillips et al. 2003; Smith and Phillips 2006). The cane toad invasion is 

responsible for massive population declines in bluetongue lizards (Price-Rees et al. 2010), 

freshwater crocodiles (Letnic et al. 2008), varanid lizards (Doody et al. 2009; Jolly et al. 2016) 

and large elapids (Jolly et al. 2015), and has caused local extinctions of northern quolls 

Dasyurus hallucatus (Oakwood and Foster 2008; Woinarski et al. 2010, 2011). Prior to the 
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arrival of toads, quoll populations had suffered gradual declines across northern Australia 

due to habitat clearing, changes in fire regimes and invasive predators (Braithwaite and 

Griffiths 1994). The arrival of toads has, however, caused dramatic declines; severe enough 

to list it as an endangered species under the Australian Environment Protection and 

Biodiversity Conservation Act 1999. Cane toads are abundant and since eradication is 

unfeasible for the foreseeable future, alternative means of reducing their impact should be 

explored. 

In 2003, insurance populations of northern quolls were established on two toad-free 

islands in Arnhem Land—Astell and Pobassoo Islands, Northern Territory—with the hope that 

1 day they could help repopulate the mainland (Rankmore et al. 2008). Since effective 

landscape-level control of toads is currently impossible, an alternative approach is to make 

quolls ‘toad-smart’ and reintroduce these behaviourally modified individuals (O’Donnell et al. 

2010). O’Donnell et al. (2010) showed that toad-aversion training improved the quolls’ short-

term (10 days) survival. A subsequent reintroduction of 22 ‘toad-smart’ female quolls to East 

Alligator region of Kakadu National Park in 2010 showed that not only did some ‘toad-smart’ 

females survive long-term and reproduce, but their offspring also did not consume cane 

toads (Teigan Cremona et al. 2017; Webb et al. 2015). However, the presence of wild male 

quolls at the reintroduction site made it unclear whether young quolls learnt to avoid toads 

via cultural learning (by mimicking their mothers), via genetic inheritance of toad avoidance 

traits from their fathers, or from the ingestion of small non-lethal toads that induce aversion 

to live toads (Webb et al. 2008).  

To determine whether toad aversion training alone can provide long-term benefits by 

facilitating population recovery, we reintroduced wild quolls to Mary River district of Kakadu 

National Park, a site where quolls were locally extinct. We collected 68 quolls from Astell 

Island in 2016. Most of these animals were set aside for breeding, but 29 were reintroduced 

into Kakadu in a wild-to-wild reintroduction. Prior to reintroduction, we rendered most of 

these quolls toad averse by modifying their feeding behaviour using conditioned taste 

aversion training. We gave each ‘toad-smart’ quoll a small, sub-lethal metamorph toad laced 

with the nausea-inducing chemical thiabendazole (O’Donnell et al. 2010) and then tested 

whether this resulted in aversion to subsequent exposures to toads. A small (n = 7) control 

group received no taste aversion training. Since Astell Island is also mammalian predator-
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free, all quolls received predator scent aversion training. By monitoring the survival of our 

reintroduced quolls and their offspring, at a site where quolls were believed locally extinct, 

we hoped to determine whether conditioned taste aversion training can be passed on to 

future generations and facilitate population re-establishment in an area where the species 

had previously gone extinct. The experiment failed to achieve this aim, not because toad 

aversion training was ineffective, but because dingo predation caused a substantial decline in 

our release population. To test whether dingoes were depredating live quolls and not 

scavenging toad-killed quolls, we compared the time taken for us to locate toad-killed quolls 

to that of dingoes to discover rat carcasses.  
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Methods 

 

Study species 
 

Northern quolls are a cat-sized, native marsupial predator. They are generalist carnivores 

that consume insects, amphibians, reptiles and mammals (Oakwood 1997; Pollock 1999). 

Northern quolls are the largest semelparous marsupials (Oakwood et al. 2001), with both 

sexes maturing at 11 months and males typically dying soon after reproduction (Dickman and 

Braithwaite 1992; Oakwood 2000; Oakwood et al. 2001). Male quolls seldom live longer than 

14 months in the wild and nearly three quarters of females do not survive to produce a 

second litter (Oakwood 2000). Quolls are nocturnal, and in savanna woodlands they shelter 

during the day in hollow logs, dense grass, termite mounds, burrows and rock crevices 

(Oakwood 1997). 

 

Study site 
 

We introduced northern quolls to Ferny Gully (13°33054ʺ S, 132°17030ʺE), in the Mary River 

region at the southern border of Kakadu National Park, where quolls were common prior to 

the arrival of toads (Woinarski et al. 2010). After the invasion of toads in 2004, northern quoll 

populations across Kakadu National Park suffered massive declines (Woinarski et al. 2010). 

Monitoring of the Mary River region’s quoll population before and during the arrival of toads 

(Oakwood and Foster 2008; Woinarski et al. 2010) and recent exhaustive camera trap 

surveys (Department of Environment and Natural Resources, unpubl. data, 2016), confirmed 

this once healthy population of quolls to be locally extinct. The study area is on the south-

western edge of the Arnhem escarpment, a sandstone massif that extends from the eastern 

side of the Kakadu National Park into Arnhem Land to the west. The area consists of 

continuous and isolated sandstone outcrops bisected by Ferny Gully Creek and surrounded 

by dry savanna woodland (Fig. 2.1). 
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Figure 2.1 Ferny Gully (■) reintroduction site (13°33’54ʺS, 132°17’30ʺE) located near Mary River Ranger Station 

within Kakadu National Park, Northern Territory, Australia. 

 

Toad aversion training 
 

After capture from Astell Island, quolls were housed in individual enclosures at the Territory 

Wildlife Park, Berry Springs, Northern Territory. We assigned quolls to one of two 

experimental groups: quolls trained to avoid toads via conditioned taste aversion (CTA), 

henceforth ‘toad-smart’ quolls (n = 22; 11 males and 11 females) and those that received no 

such training, henceforth ‘toad-naïve’ quolls (n = 7; all females). Prior to release, we trained 

the ‘toad-smart’ group to avoid eating cane toads by feeding each a small (<2 g), dead 

metamorph toad coated with the nausea- inducing chemical thiabendazole (Sigma Aldridge, 

Sydney, Australia) at a dose rate of 400 mg kg-1 quoll mass (O’Donnell et al. 2010). 

Thiabendazole-laced toads were presented in the evening with no other food and were 

checked the following morning. If the CTA toads were uneaten they were presented again 

the following night until they were consumed (max. three nights). To test the efficacy of the 

trained CTA, we video recorded (GoPro HERO; Woodman Labs, San Mateo, California, USA) 
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the response of ‘toad-smart’ quolls to a small (<2 g), live metamorph toad housed within an 

open topped glass jar. ‘Toad-smart’ quolls were given 2 h to investigate the live toad, if the 

quoll appeared within the frame but did not consume the live toad they were considered to 

be toad-averse. If the live toad was consumed, quolls were presented with another 

thiabendazole-laced toad (max. three times) until the training was successful. As a procedural 

control, toad-naïve quolls were presented with a live metamorph inside a jar covered with 

mesh (so they could see and smell the toad but not attack it). From previous work on CTA of 

toads in northern quolls we anticipated that males would be more difficult to train, and that 

trained males were more likely than trained females to consume a live toad (O’Donnell et al. 

2010). In addition, males move greater distances, have larger home ranges (Oakwood 2000) 

and were much more likely to leave the reintroduction area (Cremona 2015). Since most, if 

not all, wild male northern quolls die prior to young leaving their mother’s pouch, males are 

also unlikely to play any part in cultural transmission in this species. It was obvious early in 

the study that quolls that were untrained rapidly died from poisoning due to cane toad 

ingestion (see Results). For ethical reasons, we assigned males only to the ‘toad-smart’ group. 

This had the added benefit of potentially increasing the likelihood that some males would 

survive within the study area until the breeding season. 

 

Predator aversion training 
 

Since this project was primarily invested in determining whether toad-aversion training 

improved the long-term survival of northern quolls after reintroduction, predator aversion 

training was added as a procedure that was not controlled for (i.e. all reintroduced quolls 

received predator training). Astell Island is mammalian predator-free island; which northern 

quolls were introduced to in 2003 (Rankmore et al. 2008). Camera trapping at and around 

our study site at Ferny Gully in Kakadu National Park revealed that both dingoes and feral 

cats were present (DENR-Parks Australia, unpubl. data, 2016). Since the Astell Island quoll 

population had no prior exposure to these predators for up to 13 generations, we made the a 

priori assumption that they were predator-naïve and would require some form of aversion-

training against both dingoes and cats (see Appendix I, S2). Prior to release, a commercially 

available rat-trap (housed within a plastic box) was baited and set within each quoll’s 

enclosure. When quolls triggered the trap, it shut creating a loud snap while elevating a 
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picture of the face of either a dingo or a cat. Simultaneously, the catapult mechanism flung 

either dingo or cat fur into the quoll’s face. Each quoll received both the dingo and cat 

aversion trap on different nights in the week prior to their release. 

 

Release and radio monitoring of reintroduced quolls 
 

Prior to release, all animals were weighed, treated for internal and external parasites and PIT 

tagged (under their skin, anterior to shoulder blade; Mini Microchip, Troven Ltd, UK). All 

quolls were fitted with a radio-collar containing a mortality sensor (Holohil Systems Ltd, RI-

2DM, 8.0 g, Ontario, Canada). We released 22 ‘toad-smart’ (treatment) and seven ‘toad-

naïve’ (control) quolls in three groups, balanced as far as possible by training treatment, over 

a 4-week period between April and May 2016 (Table 2.1). We transported quolls from the 

Territory Wildlife Park (TWP) to the study site in the hide boxes they had been using in 

captivity in the weeks prior to their release. At dusk (18.00–19.00 hours) on release night, we 

placed quolls contained within their hide boxes in suitable rock crevices at 100 m intervals on 

either side of Ferny Gully Creek. The entry hole of each box was covered by paper towel to 

allow the quolls to leave their boxes of their own volition. To monitor quoll survival, we 

tracked each individual to its diurnal shelter. This was achieved within the first hour or two of 

light each morning. We re-located quolls daily until they were either found deceased, went 

missing or until the conclusion of the study (21 weeks post-release (n = 2)). Because the 

collars were fitted with a mortality sensor (activated with the cessation of movement), we 

could prioritise locating deceased quolls and assess each quoll’s fate with minimal 

disturbance to carcasses. Since symptoms of toad toxicity are overt (no sign of physical injury, 

but with bleeding gums, mouth and/or ears; Roberts et al. 2000; Sakate and Oliveira 2000; 

Reeves 2004; O’Donnell et al. 2010) toad-induced mortality was readily identifiable. Another 

major cause of mortality was quolls being consumed by dingoes (see Results). All quolls that 

were recorded to have been predated by a dingo were tracked to a dingo or to convincing 

signs of a dingo. In all cases, the dingo consumed the quoll and the collar, and the dingo was 

then tracked for up to 3 days. On two occasions a dingo was sighted, but most of the time a 

dingo was suspected before it could be confirmed because of the atypical movements of the 

radio-collar (i.e. moving long distances and staying >50 m out of reach of the observer 

throughout the entire day; moving through savanna grassland rather than outcrops). On 
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three occasions, collars were retrieved after being regurgitated by a dingo, along with quoll 

hair and bone. To reduce the number of ‘uncertain fate’ quolls, we searched for radio signals 

of unaccounted animals by helicopter every week. 

 

Table 2.1. Release dates of Astell Island northern quolls to Ferny Gully, Kakadu National Park to assess their 

survival after reintroduction to a toad-infested landscape. 

 

  Toad-smart Toad-naïve 

Release date N Males Females Males Females 

21/04/2016 9 0 5 0 4 

28/04/2016 10 2 5 0 3 

12/05/2016 10 9 1 0 0 

 

 

Carcass removal experiment 
 

Although dingoes are a known predator of quolls (Oakwood 2000; Cremona 2015; Cremona 

et al. 2017b) and we suspected they were hunting our reintroduced quolls, there was no way 

for us to confirm with absolute certainty that dingoes were hunting live quolls and not 

scavenging the carcasses of toad-killed quolls. We could, however, design an experiment to 

test whether dingoes were more efficient at scavenging carcasses than we were at finding 

dead quolls. Cane toads are nocturnal amphibians that emerge from their diurnal refuges at 

dusk (Zug and Zug 1979). Since we located each quoll as soon as possible each morning, we 

assumed the longest they could have been dead was from sunset the previous day until the 

time when we recovered their body the next morning. For comparison, we placed 10 large 

(>500 g) lab rat carcasses around the study site at dusk on two separate nights (n = 20) with a 

week between trials. Each rat was placed within 20 m of where a quoll had previously been 

found fatally poisoned and was recorded by camera trap (Bushnell Trophy Cam HD 119466, 

Kansas City, MO, USA) to determine how long it took for scavengers to remove these 

carcasses. 
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Data analysis 
 

Our data were interval censored for various reasons: at best, we could identify mortality time 

to a 24-hour window, but often animals were lost for periods of time, before being found 

dead (a larger window), or were lost altogether (right censored). Thus, we treated all our 

data as interval censored with right-censored data being treated as an infinite bound on the 

right-hand side. We used Cox proportional hazards models with a constant hazards baseline 

to test for the effect of toad-aversion training on survival time (Cox 1972). We used likelihood 

ratio tests to identify the best model and to evaluate factor significance (Smith and Blumstein 

2010). All statistical analyses were conducted in R (R Core Team 2016). We conducted our 

analysis on various subsets of the data and under varying treatments of the mortality data, 

detailed below. 

 

Comparing survival of ‘toad-smart’ and ‘toad-naïve’ female quolls 
 

Initially, males and females were ear-marked for assignment to both ‘toad-smart’ and ‘toad-

naïve’ treatments, however, after substantial losses of ‘toad-naïve’ females it was decided, 

for a few reasons (see Methods), that no more quolls would be released without being 

trained to avoid toads. Therefore, only female quolls were assigned to both ‘toad-smart’ 

(treatment; n = 11) and ‘toad-naïve’ (control; n = 7) groups. Analyses were conducted after all 

males were removed to ensure differences in survival probability between the training 

treatments were not driven by sex differences (see O’Donnell et al. 2010). 

 

Comparing survival of ‘toad-smart’ and ‘toad-naïve’ female quolls with dingo 
predation removed 

 

Since dingo predation was the major cause of mortality in ‘toad-smart’ quolls, and what we 

were most interested in determining was whether toad-training improved long-term survival, 

we examined only our female quolls and removed dingo predation as a cause of death. We 

re-ran the analysis assuming that female quolls lost to dingo predation were instead part of 

the cohort of quolls that were simply lost from the study (right censored). This approach 

gives us a better estimate of the magnitude of the toad training effect on survival, in the 

absence of other sources of mortality (i.e. dingoes). In addition, this gives us an estimate of 
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the survival predictions if we can resolve dingo predation. We interpreted this difference by 

looking at the risk of toad induced mortality associated with each treatment in a risk ratio 

analysis. 

 

Survival probability of quolls regardless of sex, treatment or cause of death 
 

Since overall survival of reintroduced quolls was extremely poor, we used Kaplan–Meier 

survival analysis (Kaplan and Meier 1958) to model the survival of all quolls regardless of sex, 

treatment or cause of death to examine the overall pattern of survival in our quolls. 

 

Carcass removal experiment 
 

For our experimental observations of scavenging rate, we compared the mean time taken by 

us to retrieve toad-killed quolls (assuming, conservatively, they were killed at dusk the 

previous night; n = 10) with the time taken by any scavenger (n = 9) to encounter a rat (two-

tailed t-test) and time taken by dingoes only (n = 2) to encounter a rat (two-tailed t-test). 
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Results 

 

Fate of quolls after release 
 

Quolls were tracked daily until they either died (n = 19), disappeared from the study area (n = 

7) or were caught and had their collars removed at the conclusion of the study (n = 2). Six of 

the seven ‘toad-naïve’ quolls (control) were killed by toads; whereas only 4 of the 22 toad 

averse quolls were confirmed to have been killed by toads. All known toad mortality 

happened within 4 days of release. One ‘toad-naïve’ quoll survived for 12 days before being 

consumed by a dingo. Six ‘toad-smart’ quolls were confirmed to have been killed and were 

consumed by dingoes. The fate of seven ‘toad-smart’ quolls, six males and one female, is 

uncertain and was recorded as ‘fate unknown’, though it is possible that some of these were 

also killed by dingoes and their transmitter destroyed as a consequence. A helicopter was 

employed on four separate occasions to locate these quolls, but was unsuccessful. Three of 

the ‘toad-smart’ males whose fate we are uncertain of dropped their collars from 0 to 21 

days after release (Table 2.2). At the conclusion of the study, there were two ‘toad-smart’ 

female quolls surviving at the study site (21-weeks post-release). Furthermore, camera-

trapping at the study site identified an additional male quoll at Ferny Gully. This male was 

identified as a ‘toad-smart’ male that removed its collar (chew marks on retrieved collar). He 

was also seen on camera mating with a ‘toad-smart’ female (Fig. 2.2). 

 

Table 2.2. Fate of northern quolls reintroduced to Ferny Gully, Kakadu National Park. 

 

Treatment Sex Number Killed by 

toads 

Killed by 

dingoes 

Cause of 

death 

unknown 

Fate 

uncertain 

Known 

to be 

alive 

Toad-smart Male 11 2 2 0 6 1 

Toad-smart Female 11 2 4 2 1 2 

Toad-naïve Female 7 6 1 0 0 0 
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Figure. 2.2. Uncollared male northern quoll mating with radio-collared ‘toad-smart’ female northern quoll on 

baited camera trap at Ferny Gully, Kakadu National Park (Parks Australia/KNP). 

 

Effect of toad-aversion training on survival of reintroduced quolls 
 

Females only compared between treatments 
 

Whether a female quoll was trained to avoid toads or not significantly predicted individual 

survival with trained quolls far less at risk than ‘toad-naïve’ quolls (c2 = 7.81, d.f. = 1, P = 

0.005; Fig. 2.3). ‘Toad-smart’ quolls not only had longer median survival (16.48 days, CI95% 0–

745 days) than that of untrained females (0.36 days CI95% 0–16.34 days), but also were 

observed mating (camera trap footage; Fig. 2.2). 
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Figure 2.3. Kaplan–Meier survival curves comparing survival of female ‘toad-smart’ (treatment) versus ‘toad-

naïve’ (control) quolls following reintroduction to a toad infested landscape. Deaths from both toads and dingoes 

are included here. 

 

Females only compared between treatments with dingo predation removed 
 

To more accurately estimate the effect of toad training on mortality from toads, we assumed 

that we simply lost track of female quolls that were killed by other sources of mortality. 

Under this assumption, the survival probability of ‘toad-smart’ quolls remained constant at 

around 0.75 and from <15 days post-release ‘toad-smart’ quolls were 4.71 times more likely 

to survive than ‘toad-naïve’ quolls (CI95% 1.25–9.04; Fig. 2.4). 



 45 

 
Figure 2.4. Kaplan–Meier survival curves comparing survival of female ‘toad-smart’ (control) versus ‘toad-naïve’ 

(treatment) quolls following reintroduction to a toad infested landscape assuming that quolls killed by dingoes 

would have otherwise survived. 

 

Survival probability of quolls across all categories 
 

Although ‘removing’ dingo predation as a source of mortality substantially increased the 

survival probabilities of ‘toad-smart’ female quolls (Fig. 2.4), the overall survival probability of 

quolls reintroduced to southern Kakadu Nation Park was extremely low (median: 8.14 days 

CI95% 0.0003–1512.61 days; Fig. 2.5).  
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Figure 2.5. Kaplan–Meier curve of survival probability (CI95%) of all quoll regardless of sex, treatment and cause of 

death following reintroduction to Kakadu National Park.  

 

Comparing scavenger and human carrion removal 
 

On average (±SE), we were able to locate quolls that were fatally poisoned by toads far more 

rapidly (14.39 ± 0.33 h) than scavengers were able to find similar-sized deceased lab rats 

(49.0 ± 9.22 h; two- tailed t-test; t18 = 2.608, P = 0.02; Fig. 2.6). Four species of scavenger 

(Torresian crows, dingoes, feral cats and northern quolls) were captured on camera after 

being lured to dead rats. Of these, only Torresian crows actually removed rat carcasses. 

When mean time taken for us to locate toad-killed quolls was compared only to the mean 

(±SE) time taken by din- goes to find rat carcasses (53.47 ± 22.28 h), we located quolls far 

more rapidly (two-tailed t-test; t9 = 4.73, P = 0.001; Fig. 2.7). In addition, only a single 
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scavenger located a rat within the conservatively estimated time it took for us to locate a 

deceased quoll (min. time to locate rat: 16.12 h vs. max. time for us to locate a quoll: 16.75 

h). The only rat to be discovered in under 24 h was found by a Torresian crow that was 

physically incapable of moving the rat from where it was placed. The fastest a dingo located a 

rat was in 31.18 h.  

 

 
Figure 2.6. Mean time (hours ± SE) taken to discover quolls killed by toads (by humans; n = 10) versus time for 

scavengers to find similar-sized dead rats (all scavenger species, n = 9).  
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Figure 2.7. Mean time (hours ± SE) taken to discover quolls killed by toads (by humans; n = 10) versus time for 

dingoes to find similar-sized dead rats (n = 2).  
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Discussion 

 

Our work supports previous studies showing cane toads pose a severe threat to ‘toad-naïve’ 

northern quolls, and that eliciting conditioned taste aversion to toads can vastly reduce toad-

induced mortality in the wild (O’Donnell et al. 2010; Fig. 2.3). Our survival analysis showed 

trained individuals survived significantly longer than untrained individuals (Fig. 2.3). Overall, 

however, our analysis showed survival to be very low (Fig. 2.5). In fact, the proportion of 

females that survived (2 of 11) was similar to the previous reintroduction at East Alligator, 

where only 7 of 22 females survived (c2 = 0.69, P = 0.41; Cremona et al. 2017b). Since we 

located individuals daily, we were often able to determine causes of mortality (Table 2.2). 

Dingoes were likely predating live quolls (Figs 2.6 & 2.7) and this predation pressure is 

suspected to have driven our population to extinction within weeks (Fig. 2.4). In the absence 

of dingo predation, survival of trained quolls would have been »0.8 over the course of the 

study (Fig. 2.4), instead survival was closer to 0.2 (Fig. 2.3). For ‘toad-smart’ quolls the main 

source of mortality was dingo predation (Table 2.2), and although dingoes are known 

predators of northern quolls in Kakadu (Oakwood 2000) and predator-caused mortality is the 

leading cause of reintroduction failure (Moseby et al. 2015), we had not anticipated the 

speed with which dingoes would imperil our reintroduced population.  

Due to generally high rates of mortality (Fig. 2.5) we were unable to achieve our a 

priori aim of determining whether the offspring of ‘toad-smart’ quolls also avoid toads. There 

is still a possibility that the females surviving may produce young (Fig. 2.2). However, in the 

absence of a control (the survival of a control group makes them by definition ‘toad-smart’ 

and no longer a control group) it will be impossible to know whether the offspring’s survival 

in a toad infested landscape is a result of: (i) cultural transmission of toad-aversion from their 

mothers; (ii) juveniles consuming a small toad and teaching themselves toad-aversion; (iii) an 

innate aversion which is inherited or (iv) some combination of these factors. Since there is no 

control group to compare trained quolls against, this question of cultural transmission may 

only be assessed in captivity. Nonetheless, there remains an important question: can ‘toad- 

training’ of a single generation facilitate population recovery and have long-term 

conservation benefits, or does training need to be affected every generation?  
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For now, however, we can be confident that conditioned taste aversion is a powerful 

tool for mitigating toad mortality in quolls. There can, of course, be no long-term benefits of 

this strategy if dingoes exterminate reintroduced populations (Cremona et al. 2017b). This 

leads us to question why dingo predation so rapidly caused our reintroduced quoll 

population to decline. Northern quolls have existed in sympatry with dingoes for at least 

3500 years (Letnic et al. 2014), and they are still sympatric in areas where quolls naturally 

persist (Schmitt et al. 1989; Woinarski et al. 2008; Hernandez-Santin et al. 2016). 

Concomitant with their role as top predators, dingoes likely control populations of 

mesopredators such as quolls (Glen et al. 2007; Letnic and Dworjanyn 2011). Certainly, prior 

to the arrival of cane toads in Kakadu, dingoes were a significant predator of northern quolls, 

and accounted for 36% of adult mortality per year (Oakwood 2000). It is, therefore, no 

surprise that dingoes accounted for some mortality. Nonetheless, the rate of predation we 

observed here was more rapid than we had anticipated.  

Recent studies have identified that the wet-dry tropics of northern Australia has 

experienced a rapid and severe decline in native mammal species, with catastrophic declines 

of natives attributed to too frequent burning and cat predation in Kakadu National Park 

(Woinarski et al. 2011; Ziembicki et al. 2015). Improper fire regimes have resulted in a 

reduction in the availability and variety of food plants for native fauna, as well as a reduction 

in shelter such as ground cover vegetation, fallen logs, and hollow bearing trees (Ziembicki et 

al. 2015). Carnivores, such as raptors, feral cats and dingoes, are more successful in habitats 

that have been opened up by fire (McGregor et al. 2015). Therefore, the general state of the 

land- scape we introduced our animals into may have favoured high canid predation.  

In addition to quolls being vulnerable to dingo predation under normal circumstances, 

quolls isolated on predator-free Astell Island may have become predator-naïve in the 

absence of dingoes (Blumstein 2002; Carthey and Banks 2014). In 2003, 45 quolls were 

released on Astell Island with the hope that 1 day they would be used to repopulate the 

mainland (Rankmore et al. 2008). Islands by definition are isolated, and animals confined to 

islands are likely to only encounter a subset of the selective pressures they evolved with. On 

the mainland, quolls would have evolved with predation pressure from various mammalian, 

reptilian and avian predators (Oakwood 2000), which would have selected for vigilant, 

predator-averse animals. Quolls on remote, predator-free islands are instead limited by 
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competition for finite food resources. Although twelve generations may seem brief, a shift in 

the selection regime faced by quolls between the mainland and Astell island may have 

resulted in island quolls being unsuitable for reintroduction to a burnt landscape where 

predators are abundant. Inevitably, antipredator behaviours of island quolls would be 

predicted to follow that of other species that find themselves isolated from the predators 

with which they evolved on islands (Blumstein 2002; Blumstein and Daniel 2005); anti-

predator behaviours progressively being lost over time. Antipredator behaviours are often 

costly in terms resource acquisition if expressed unnecessarily (Hunter and Skinner 1998), 

and behaviours that are maintained via experience, or by watching conspecifics, can be lost 

from predator-free populations very rapidly (Griffin et al. 2000; Blumstein 2002). If predator-

aversion and other adaptive traits are rapidly lost from populations maintained in isolation, 

future studies must address whether such sanctuaries are an effective long-term 

conservation measure. Further study is required to determine whether the quolls of Astell 

Island have become naïve to the threat of dingo predation to determine whether they are 

suitable for reintroduction to the mainland. Seemingly, our attempt to train predator 

aversion using visual and olfactory cues to elicit antipredator behaviour was unsuccessful. 

Future attempts to train predator aversion may be improved by replacing cue-based training 

protocols that have a poor record of success (Moseby et al. 2015) with aversion learning via 

actual or simulated predation with live predators (West et al. 2018).  

The success of our taste-aversion training may actually inform how we minimise the 

impact of dingo predation on quolls, as well as having broader implications on how to 

reduce/ameliorate the impact that invasive predators have on native prey. Since naivety in 

vulnerable natives is fundamental to the devastating impacts of evolutionary novel predators 

(Cox and Lima 2006; Carthey and Banks 2014), taste-aversion training could be used to alter 

the feeding behaviour of invasive predators (Nicolaus et al. 1983; Nicolaus and Nellis 1987). 

For example, by introducing ‘Trojan’ quolls carrying taste-aversion chemicals in collars (Read 

et al. 2015), we may be able to harness this technique to alter the feeding behaviour of 

dingoes so that they become averse to preying on reintroduced quolls. In addition, if quolls 

are typically vulnerable to dingo predation, their recovery may be markedly improved via 

simply increasing the propagule pressure by releasing more ‘toad-smart’ quolls (Cremona 

2015). In conclusion, taste aversion is a powerful, but currently under-exploited tool for 
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conservation (Greggor et al. 2014), which may improve our ability to ameliorate the impacts 

of invasive species.  
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Abstract 

 

When imperilled by a threatening process, the choice is often made to conserve threatened 

species on offshore islands that typically lack the full suite of mainland predators. While 

keeping the species extant, this releases the conserved population from predator-driven 

natural selection. Antipredator traits are no longer maintained by natural selection and may 

be lost. It is implicitly assumed that such trait loss will happen slowly, but there are few 

empirical tests. In Australia, northern quolls (Dasyurus hallucatus) were moved onto a 

predator-free offshore island in 2003 to protect the species from the arrival of invasive cane 

toads on the mainland. We compared the antipredator behaviours of wild-caught quolls from 

the predator-rich mainland with those from this predator-free island. We compared the 

responses of both wild-caught animals and their captive-born offspring, to olfactory cues of 

two of their major predators (feral cats and dingoes). Wild-caught, mainland quolls 

recognised and avoided predator scents, as did their captive-born offspring. Island quolls, 

isolated from these predators for only 13 generations, showed no recognition or aversion to 

these predators. This study suggests that predator aversion behaviours can be lost very 

rapidly, and that this may make a population unsuitable for reintroduction to a predator-rich 

mainland.  
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Introduction 

 

Species regularly find themselves isolated from the predators with which they co-evolved. 

This scenario plays out naturally in island populations but also occurs when threatened 

species are moved into captivity, predator-free exclosures or islands for conservation. In 

isolation from predators, costly and redundant antipredator behaviours may vanish from a 

population’s repertoire (Blumstein 2002; Blumstein and Daniel 2005; Lahti et al. 2009). The 

possibility that conservation measures may cause a loss of antipredator behaviour is rarely 

considered: the implicit assumption of such isolationist conservation measures is that 

antipredator traits are lost slowly, on time scales irrelevant to conservation (Blumstein 2002; 

Blumstein and Daniel 2005; Orrock 2010). As predation is the greatest cause of 

reintroduction failure (Moseby et al. 2015), loss of antipredator behaviour may have 

dramatic consequences when populations from predator-free ‘islands’ are reintroduced to a 

predator-rich mainland. 

The spread of toxic cane toads (Rhinella marina) in Australia has seen populations of 

some large native predators rapidly decline (Shine 2010). Northern quolls (Dasyurus 

hallucatus), a native marsupial predator, lack immunity to toad toxins (Ujvari et al. 2013) and 

die when they prey on toads. This has resulted in local extinctions of quolls from many parts 

of their range (Woinarski et al. 2011). In 2003, populations of northern quolls were 

established on two toad- and predator-free islands in Arnhem Land, Northern Territory, with 

hopes that one day they could help repopulate the mainland (Rankmore et al. 2008). The 

founders of these populations were sourced from locations across the Northern Territory, 

including Kakadu National Park (Rankmore et al. 2008). Quolls proliferated on these islands 

(Griffiths et al. 2017) and in 2016, a reintroduction of toad-trained quolls from Astell Islands 

to Kakadu was trialled (Jolly et al. 2018). Toad-trained quolls mostly avoided toads, but they 

did not survive long-term because they were predated by dingoes (Canis familiaris dingo), a 

predator with which quolls have co-evolved for at least 3500 years (Letnic et al. 2014). 

Potentially, the isolation of quolls on these ‘island arks’ resulted in the loss of predator 

recognition and aversion (Jolly et al. 2018). We compared the behavioural responses of wild-

caught quolls from the mainland (predator-exposed) and predator-free Astell Island 

(predator-naïve), as well as the captive-born (predator-naïve) young of both populations, to 
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the scents of both naturalized (dingoes) and invasive (feral cats) predators. Antipredator 

behaviours can be innate (genetically based), learnt through experience, or a combination of 

the two: innate priming with the behaviour then triggered by experience. Our design allows 

us to test whether experience (predator naivety) or population background (island versus 

mainland) best explains differing responses. We predicted that the loss of antipredator 

behaviours of island-isolated quolls would be driven by experience rather than population 

history.  
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Methods 

 

Northern quolls (Dasyurus hallucatus) are native marsupial predators with a historic 

distribution across much of northern Australia. Owing to toad-induced population declines, 

quolls are currently listed as Endangered. Northern quolls are semelparous marsupials, with 

both sexes maturing at 11 months and males typically dying soon after reproduction 

(Oakwood 2000). Rapid generation times mean that evolution can proceed quickly in this 

species. As a consequence, environmental changes, such as loss of predators, may result in 

rapid trait shift. 

We used a giving-up density experiment to test for differences in the antipredator 

behaviour of quolls. We examined four groups of quolls, from two populations (see Appendix 

I, S1): wild-caught quolls from northern Queensland (n = 8), where both dingoes and feral 

cats are common, and where toads have been present for approximately 70 years; wild-

caught quolls from predator-free Astell Island, where toads and predators are absent (n = 16; 

see Appendix I, S2); and the captive-born offspring of both cohorts (n = 12 and 27, 

respectively: see Appendix I, S3). 

The responses of all individual quolls to predator scents were tested independently. 

Each quoll was offered three plastic boxes simultaneously, each containing a matrix of 2 l of 

wood shavings and 10 mealworms. A hole (15 cm diameter) was cut into the top of each box, 

the inside of which was fitted with a rolled fly-mesh collar. We filled collars with either dingo 

fur, cat fur or no fur (control; see Appendix I, Fig. S3.1). The behavioural responses of each 

quoll were video recorded for the first 2 h of each night. The following morning, we counted 

the remaining mealworms. From these videos, we scored behavioural traits (see Appendix I, 

S4). Videos were scored by a single observer who was blind to quoll origin. 

We used generalized linear models to analyse the effect of origin (levels: mainland 

and island), captivity status (levels: wild-caught and captive-born) and scent type (levels: 

control, dingo and cat) on the response variables (proportion of mealworms consumed, and 

time spent investigating predator scents). P-values were obtained by likelihood ratio tests of 

the full model with the effect in question against the model without the effect. This analysis 

was performed using R with the lme4 software package (see Appendix I, S5). Because data 
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were not normally distributed, we log-transformed the ‘time spent investigating’ variable. For 

proportion of mealworms consumed, we used a generalized linear model with a quasi-

binomial error distribution to account for overdispersion in this variable. We calculated 

relative risk to generate an intuitive metric for effect sizes between cohorts. 
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Results 

 

There was no interaction between quoll origin, captivity status and scent type, and the 

proportion of mealworms consumed (c2 (5) = 814.1, P = 0.723; Fig. 3.1). The model without 

this three-way interaction revealed a significant two-way interaction between quoll origin 

(mainland or island) and scent type (control, dingo or cat) for the proportion of mealworms 

consumed (c2 (2) = 862.90, P = 0.001; Fig. 3.1). Mealworms in a control box were 3.22 times 

more likely (relative risk, 95% confidence interval [2.91, 8.37]) to be eaten by a wild-caught 

mainland quoll than mealworms in a dingo-scented box. Comparatively, mealworms in a 

control box were 1.11 times more likely (CI95% [1.10, 1.34]) to be eaten by a captive-born 

mainland quoll than mealworms in a dingo-scented box (Fig. 3.1; see Appendix I, S6). 

 

 
Figure 3.1. The proportion of mealworms eaten from giving-up density boxes fitted with one of three treatment 

scent types during a 2 h period. Boxes show median and interquartile range of the raw data; whiskers represent 

1.5 times the interquartile range (IQR), or the range of the data, whichever is smaller. Results shown for both 

predator-exposed (mainland) and predator-naive (island) quolls and the captive-born offspring of both mainland 

and island quolls. 
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For the amount of time quolls spent investigating the predator scents, there was no 

interaction between quoll origin, captivity status and scent type (c2 (5) = 164.63, P = 0.42; 

Fig. 3.2). After removing this three-way interaction, there was, however, a significant 

interaction between quoll origin (mainland or island) and scent type (control, dingo or cat; c2 

(2) = 175.42, P < 0.01; Fig. 3.2). The direction of these interactions is such that the effects of 

scent type are stronger for mainland quolls (Fig. 3.2). 

 

 
Figure 3.2. Log of time spent investigating (ln[time+1]) three treatment scent types in a 2 h period (in seconds). 

Boxes show median and interquartile range of the raw data; whiskers represent 1.5 times the IQR, or the range 

of the data, whichever is smaller. Results shown for both predator-exposed (mainland) and predator-naive 

(island) quolls, and the captive-born offspring of both populations. 
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Discussion 

 

Our results provide strong evidence that wild-caught northern quolls from predator-rich 

populations recognize and avoid the scents of two important mammalian predators (Fig. 3.1 

and 3.2). By contrast, quolls conserved on a predator-free island showed no recognition and 

no aversion to the scent of either predator. Importantly, the offspring of our wild-caught 

quolls—born and raised in captivity, and naive to predators—exhibit an identical pattern of 

behaviour to their parents: in the mainland animals, wariness of these predator’s scents; in 

the island animals, no response to predator scent (Fig. 3.1 & 3.2). This suggests a genetic 

basis to predator response in quolls. 

While the pattern of responses in captive-born animals was similar to patterns 

expressed by their parents, there was an apparent reduction in the strength of predator 

aversion expressed by mainland captive-born quolls (relative to the control). For the 

proportion of mealworms consumed, this effect could be an artefact of the measurement 

scale (0–1) and a higher overall proportion of mealworms consumed (often reaching the 

maximum proportion) by captive-born animals potentially having truncated the full 

expression of their response. This higher overall consumption is likely an artefact of captivity: 

boldness increases and neophobia decreases in captive-born animals when compared with 

their wild counterparts (Carthey and Blumstein 2018). Results from time spent investigating 

the scent, however, argue against this interpretation. Despite no constraint on the 

measurement scale, a similar reduction in response (versus control) was seen. Collectively, 

the lowered relative response of captive-born mainland quolls suggests that while predator 

response has a genetic basis, the full expression of predator aversion may only be exhibited 

after experience with predators (Blumstein 2002). What the quolls inherit from their parents 

is likely a priming for predator aversion; full aversion is expressed upon experience with 

predators. 

In the absence of predators, antipredator behaviours can be costly to maintain. The 

loss of these behaviours in populations long-isolated on islands is well documented 

(Blumstein 2002; Blumstein and Daniel 2005; Blumstein 2006; Carthey and Blumstein 2018), 

but the rate at which they are lost is unknown. Ours is a two-population comparison, so 
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ideally we would provide evidence that Astell Island quolls expressed antipredator 

behaviours before their translocation to the island. We cannot provide this evidence directly, 

but the Astell founders likely exhibited antipredator behaviours analogous to those of quolls 

from Queensland. Dingoes and cats are major predators in the mainland populations from 

which the Astell Island quolls were sourced (Oakwood 2000; Jolly et al. 2018), and likely have 

been for at least 3500 (Letnic et al. 2014) and 130 years (Abbott et al. 2014), respectively. 

After only 13 generations on Astell Island, however, this population now shows no 

recognition of a predator it co-evolved with for millennia (see Appendix I, S7 and S8). While 

unnecessary and costly antipredator behaviours may be lost over time, we anticipated 

predator recognition (or priming for predator aversion) to have incurred little fitness cost and 

be lost gradually. The rapid loss of this trait suggests that predator aversion has been directly 

selected against. This might be expected where competition for food is limiting (Griffiths et 

al. 2017). Here, timid behaviour and time spent on vigilance simply reduce access to limited 

resources. 

The main cause of reintroduction failure worldwide is predation of predator-naive 

species (Orrock 2010). Clearly, it is paramount to gain a clearer understanding of the 

mechanisms that dictate how and why antipredator traits are lost and gained from 

vulnerable prey species’ behavioural repertoire. Our study shows that antipredator responses 

can be lost remarkably quickly, even when they have a genetic basis. Our results highlight the 

perils of conserving threatened species in complete isolation from important agents of 

selection, such as predators (see Appendix I, S2). Our results also support the multi-predator 

hypothesis (Blumstein 2006; Carthey and Blumstein 2018) which posits that retention of a 

single predator can maintain antipredator traits. Our island quolls had no contact with any 

predators, and consequently, they did not react to dingoes or cats, a result consistent with 

antipredator behaviour as a genetic trait coded across a linked set of loci. Irrespective of the 

genetic architecture, however, relaxed selection (Lahti et al. 2009) may result in isolated 

populations proceeding down an evolutionary pathway at odds with that required for survival 

on the mainland, and our results indicate that populations may move down this path very 

rapidly. Wherever possible, particularly in Australia where managers are increasingly relying 

on predator-free environments to conserve many native mammals, threatened species 

should be maintained in the presence of predators and the selective pressures these enforce. 
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This is crucial for ensuring that threatened species do not evolve traits incompatible with 

survival in their original range; and that they do not succumb to the perils of a predator-free 

paradise.  
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Abstract  

 

Reintroduction attempts of threatened species from conservation populations (zoos or 

predator-free sanctuaries) regularly fail due to predation. When isolated from their natural 

predators, animals may lose their ability to recognise predators and may fail to adopt 

appropriate antipredator behaviours. Recently, northern quolls (Dasyurus hallucatus) 

conserved on a predator-free ‘island ark’ for 13 generations were found to have no 

recognition of dingoes, a natural predator with which they had co-evolved on mainland 

Australia for at least 3500 years. A subsequent reintroduction attempt using quolls acquired 

from this ‘island ark’ failed due to dingo predation. In this study, we tested whether 

instrumental conditioning could be used to improve predator recognition in captive quolls 

sourced from a predator-free ‘island ark’. We used a previously successful scent-recognition 

assay (a giving-up density experiment) to compare predator scent recognition of captive-born 

island animals before and after antipredator training. Our training was delivered by pairing 

live predators (dingo and domestic dog) with an electrified cage floor in repeat trials, such 

that, when the predators were present, foraging animals would receive a shock. Our training 

methodology did not result in any discernible change in the ability of quolls to recognise and 

avoid dingo-scent after training. We conclude either that our particular training method was 

ineffective (though ethically permissible); or that because these quolls appear unable to 

recognise natural predators, predator recognition may be extremely difficult to impart in a 
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captive setting given ethical constraints. Our results point to the potential difficulty of 

reinstating lost behaviours, and to the value of maintaining antipredator behaviours in 

conservation populations before they are lost.  

  



 74 

Introduction 

 

Globally, conservation managers are struggling to combat the growing species extinction 

crisis. To mitigate declines and extinctions, species are increasingly being placed into ex situ 

management in predator-free sanctuaries and zoos (Zippel et al. 2011; Pritchard et al. 2012). 

While ex situ conservation is often the only management action available to halt extinction, it 

may often result in the loss of traits important to survival in situ (Jamieson and Ludwig 2012; 

Moseby et al. 2015; Muralidhar et al. 2019). Reintroductions from predator-free havens (e.g. 

from captivity, predator-free exclosures, or islands), are seen as increasingly important for 

species management, but a large proportion of such reintroductions fail (Griffith et al. 1989; 

Fischer and Lindenmayer 2000; Seddon et al. 2007). This failure is very often due to 

predation by both native and invasive predators (Fischer and Lindenmayer 2000; Jule et al. 

2008; Moseby et al. 2015). Unless we can maintain or restore traits—such as predator 

aversion—that are critical to in situ fitness, reintroductions will often face a losing battle with 

predators. This growing realisation has led to recent intense interest in whether antipredator 

training can be used to teach individual predator-naïve animals to recognise and avoid 

predators (Griffin et al. 2000; Moseby et al. 2012; Teixeira and Young 2014; Paulino et al. 

2018; Ross et al. 2019). 

In Australia, the invasion of toxic cane toads (Rhinella marina) has caused dramatic 

declines in a number of large, vulnerable native predators (Shine, 2010). Like other Australian 

species with no co-evolutionary history with bufonid toads, northern quolls lack physiological 

resistance to toad toxins (Ujvari et al. 2013) and rapidly die if they attempt to eat these toxic 

invaders. This vulnerability has resulted in dramatic declines and local extinctions of northern 

quolls from many parts of their former range (Burnett 1997; Woinarski et al. 2011). In 2003, 

insurance populations of quolls were established on two toad- and predator-free islands in 

Arnhem Land, Northern Territory, with the long-term aim of using these populations to re-

establish mainland populations decimated by toads (Rankmore et al. 2008). These island 

populations were founded by quolls sourced from locations across the Top End of the 

Northern Territory, including Kakadu National Park (Rankmore et al. 2008). Quolls thrived on 

these islands, with an estimated population of 2193 female northern quolls on Astell Island 

by 2014 (Griffiths et al. 2017). In 2016, northern quolls were collected from Astell Island, 
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trained to avoid toads via conditioned taste aversion (O’Donnell et al. 2010), provided with 

rudimentary antipredator training and reintroduced to Kakadu National Park (Jolly et al. 

2018a). However, they did not survive long-term because of predation by dingoes (Canis 

familiaris dingo; Jolly et al. 2018a); a predator with which quolls co-evolved for at least 3500 

years (Letnic et al. 2014). Despite having only been isolated for 13 generations on Astell 

Island, quolls from this predator-free ‘island ark’ failed to recognise the scent of dingoes (Jolly 

et al. 2018b). A failure to recognise predators is the highest level of predator naivety possible 

in a cascade of antipredator responses (Banks and Dickman 2007; Carthey and Banks 2014); 

without recognition, there can be no appropriate response. 

The success of future reintroductions of northern quolls will depend upon improving 

their predator recognition and response. More generally, while we are increasingly becoming 

aware that antipredator behaviours are being lost in havens, we are less certain whether 

they can be reacquired. Training has been shown to improve the antipredator behaviours of 

some predator-naïve prey (Magurran 1989; McLean et al. 1999; Griffin et al. 2000; McLean et 

al. 2000; Griffin et al. 2002), particularly when live predators are used to deliver the training 

(van Heezik et al. 1999; West et al. 2018; Blumstein et al. 2019; Ross et al. 2019). Such 

antipredator training may provide a general means of improving reintroduction success from 

ex situ population sources. 

In 2016, we attempted to train wild-caught ‘island ark’ northern quolls to avoid both 

cats and dingoes by employing a predator training method that paired a picture of each 

predator and each predator’s fur with a shock (snap trap; see Jolly et al. 2018a for details). 

Although the efficacy of this training method to elicit a behavioural change in quolls was not 

formally tested, dingoes were primarily responsible for the failure of this reintroduction, so 

this training method was clearly unable to meaningfully improve post-release survival. In the 

current study, we tested whether a different method of instrumental conditioning could be 

used to improve predator recognition in captive northern quolls sourced from the predator-

free ‘island ark’ population on Astell Island. We used a previously successful scent-

recognition assay (a giving-up density experiment; Jolly et al. 2018b) to compare predator 

scent recognition of captive-born, Astell Island animals before and after antipredator 

training. Our training was delivered by pairing live predators (dingo and domestic dog) with 
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an electrified cage floor, such that animals spending time on the ground would receive a 

shock when the predator was present. We predicted that if quolls learn to associate aversive 

cues with dingoes, this should be reflected in their recognition of dingo-scent after 

antipredator training.  
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Methods 

 

Study species 
 
Northern quolls are a rabbit-sized, native Australian marsupial predator which historically 

occurred across much of northern Australia—from south-east Queensland to the tip of Cape 

York Peninsula, throughout the Top End of the Northern Territory, and the Kimberley and 

Pilbara regions of Western Australia (Van Dyck et al. 2013). They are generalist carnivores 

that consume both invertebrate and vertebrate prey (Oakwood 1997; Pollock 1999). 

Northern quolls are the largest semelparous marsupials (Oakwood et al. 2001). Both sexes 

mature at 11 months and male die-off typically occurs soon after reproduction (Dickman and 

Braithwaite 1992; Oakwood et al. 2001). After birth, juvenile northern quolls typically spend 

the first 4-5 months with their mother (Oakwood 2000). 

 

Training population 
 
We measured the antipredator responses of captive-born northern quolls whose parents 

were wild-caught from Astell Island—an insurance population established to mitigate against 

the threat of quoll extinction from the mainland due to the arrival of toxic invasive cane 

toads into the Northern Territory. This island population of quolls was established in 2003 by 

translocating 45 individuals from the Northern Territory mainland to Astell Island (-11.884, 

136.418), North East Arnhem Land, Northern Territory (NT). The founders of this population 

came from five localities from the north-western Top End region, NT (Rankmore et al. 2008; 

Cardoso et al. 2009). Extensive monitoring of Astell Island quolls showed that the population 

grew very rapidly before overshooting its carrying capacity and declining to a stable 

population size prior to collection for reintroduction (Griffiths et al. 2017). In 2016, quolls we 

captured from Astell Island for breeding at the Territory Wildlife Park, Berry Springs, NT. 

Some quolls were retained for breeding, while others (n = 29) were used in a wild-to-wild 

reintroduction to Kakadu National Park (Jolly et al. 2018a). By early 2017, there were cohorts 

of wild-caught, adult quolls, as well as their captive-born, adult offspring in captivity at the 

wildlife park.  
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Predator-free Astell Island 
 

Astell Island was determined to be entirely quoll predator-free based on record data 

collected from extensive flora and fauna surveys of the island prior to the release of quolls in 

2003 (Woinarski et al. 1999). There are no mammalian predators on the island, nor are there 

any avian or reptilian predators that would constitute a significant and/or sustained 

predation threat to northern quolls (Jolly et al. 2018b). Quolls collected from Astell Island 

were known to neither recognise nor avoid the scent of predators (dingoes and cats) that 

their mainland conspecific both recognised and avoided (Jolly et al. 2018b). This was true for 

both wild-caught and captive-born Astell Island quolls (Jolly et al. 2018b).  

 

Husbandry of northern quolls 
 

All northern quolls were maintained individually in aviary-style enclosures within a 

quarantine facility at the Territory Wildlife Park. These enclosures were designed and built 

specifically for the park’s northern quoll breeding program. Quoll enclosures were of varying 

sizes but were typically 2m x 4m x 2.5m (width, depth and height). Quolls of the same sex 

were never housed in adjoining enclosures by alternating the placement of males and 

females. All enclosures were situated within a quarantine area isolated from the rest of the 

wildlife park, which is bordered by a 3m predator- and toad-proof boundary fence, the 

perimeter of which is offset from quoll enclosures by at least 20–50m. The quolls used in this 

study were born in this breeding facility and had never previously encountered canids. Quolls 

were fed a base diet of dry dog food, supplemented with whole mice, small whole fish, 

crickets, mealworms, and various fruits.  

 

Giving-up density experiment 
 

The predator scent recognition of all individual quolls was assayed using a giving-up density 

(GUD) experiment repeated over three consecutive nights both before and after predator 

training at the Territory Wildlife Park between January and April 2017. This assay revealed 

large differences in predator scent recognition between island and mainland quolls (Jolly et 
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al. 2018b), and so we used that response as a baseline for our expectations in this study. 

Each GUD box presented to quolls in each trial contained 2L of sterile wood shavings and 10 

mealworms. A circular opening (15cm diameter) in the top of each GUD box was fitted with a 

predator fur-filled fly-mesh collar (Fig. 4.1). Collars were filled with either dingo fur, cat fur or 

no fur (control; Fig. 4.1). Fur was used as an olfactory cue instead of predator secretions 

because it provides a more reliable cue of immediate predator presence (Apfelbach et al. 

2005). Dingo fur was sourced from an adult male and adult female dingo. Both dingoes were 

captive animals, which were rescued from the wild as puppies. Fur was collected by shaving it 

directly from the dingoes immediately prior to each experimental trial. Fur from both dingoes 

was combined and used in each experimental trial. Cat (Felis catus) fur was collected from a 

number of adult male and female, domestic and feral cats (n » 15). Cat fur was collected by 

vets from The Ark Animal Hospital during routine procedures that required fur to be shaved 

from cats. Fresh cat fur was collected, and all sources combined, prior to the commencement 

of each experimental trial. To avoid cross contamination of scents, collars were prepared in 

separate rooms prior to each trial and each collar was only used once.  

During behavioural trials, quolls were presented with one of each of the three 

predator-scented GUD boxes and were allowed to investigate and feed from the boxes 

throughout the night of the trial. The next morning the remaining mealworms were counted. 

Before predator training, each quoll was presented with GUD boxes on three consecutive 

nights, but the arrangement of the boxes was changed each night (e.g. Night 1: control-

dingo-cat; Night 2: dingo-cat-control; Night 3: cat-control-dingo). Between trials all wood 

shaving and mealworms were replaced. The pre-training behavioural trials were completed 

for each quoll two nights prior to antipredator training, and post-training trials commenced 

the night after the final antipredator training session to determine whether there was an 

observable change in quoll behaviour that may have been a result of learned predator 

aversion. 
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Figure 4.1. Giving-up density boxes. Each quoll was provided with three boxes, each of which had a predator-

scented or control collar lining the inside of their access holes. Inside each box was 2L of sterile wood shavings 

and 10 mealworms.  

 

Antipredator training 
 

Using an instrumental conditioning procedure, we attempted to train adult female captive-

born, predator-naive Astell Island quolls (n = 17) to recognise and avoid dingo-scented GUD 

boxes. All experiments were conducted in an experimental bank of 9 aviary-style enclosures 

(Fig. 4.2) that were isolated from the quoll’s home enclosures, but still located within the 

quoll quarantine area of the wildlife park. Quolls were moved, along with their individual hide 

box, from their home enclosure to smaller experimental enclosures (0.8m wide x 2.5m deep 

x 3m tall) two nights prior to the trials. Experimental enclosures were constructed of 1cm x 

1cm aviary mesh, with a corrugated iron roof. The perimeter wall of the aviary bank was lined 

with shade cloth, but there was no sensory obstruction between the individual quoll 

enclosures and the enclosure vestibule. Between trials, experimental enclosures were 

thoroughly washed and disinfected. 

To elicit an avoidance response to dingo scent, we paired the introduction of a live 

dingo and cattledog (companions) to the vestibule of the experimental enclosure bank with 

the floor of the cage modified to give a mild electric shock (Speedrite AN20 energiser; 

maximum output 0.04 J; Fig. 4.2). The wires were placed such that quolls would be required 

to make contact with the wires to reach their food, which was provided on the ground at the 
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front of each enclosure during the entire experiment. Following the pre-training GUD 

experiment, we instituted a week-long “training period” (7 nights), where, on four random 

nights, the dingo and cattledog were placed in the vestibule an hour after dark. Only during 

the two hours the canids were present in the quoll enclosure were the wires electrified. The 

arrival of the canids coincided with the quolls’ usual feeding time (quolls were provided with 

their regular diet immediately prior to the presentation of the canids). To increase the 

proximity and likelihood of interactions between the canids and quolls, and quolls and 

electric wires, neither of the canids were fed on the day of the training, both were used to 

being fed the same dog biscuits presented to quolls but out of reach from the canids (i.e. the 

canids were actively trying to access food that was inside the quoll enclosures) and quolls 

were fed slightly less than normal the night before the training events. Any quolls that 

emerged from hiding while the canids were present in the vestibule would have been able to 

see, hear and smell these potential predators throughout the “training period”. Additionally, 

the dingo had previously been presented with northern quoll carcases on a number of 

occasions to stimulate a predatory association with quolls as prey. The dingo was allowed to 

play with and eat these carcases. Although theoretically a pet, this dingo was not 

domesticated and was very aggressive towards smaller mammals, including smaller dogs, and 

would regularly and rapidly attack anything it perceived as alive and potential prey. For this 

reason and because of the experimental enclosure design, the emergence of a quoll from its 

hide to forage at ground-level would very likely have triggered an investigatory, if not 

predatory, response from this dingo. When the canids were not present, the electric wires 

were turned off, but the wires remained in their enclosures and quolls needed to make 

contact with these non-electrified wires to feed. Canids were paired with the electrification 

of the wires on four, non-consecutive, random nights during the training period. On the three 

nights during the training period that the canids were not present, everything remained the 

same (e.g. food was present to the quolls placed between the wires), but the canids were 

absent, and the wires were not electrified. GoPro cameras were used to record quoll 

responses to the canids. To be included in the study, quolls were required to be observed to 

approach their food, attempt to feed and get shocked. After being shocked, most quolls 

appeared to rapidly retreat to their elevated hide box after interacting with the training 

apparatus. 
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Figure 4.2. Experimental set-up for antipredator training. Live stimulus animals (dingo and cattledog) were 

presented in the vestibule of the enclosure bank behind a wire mesh barrier. Wires were only electrified during 

the 2-hour period the dingo was presented in the vestibule. Responses of quolls were filmed by GoPro cameras 

during the 2-hour training period. All quoll enclosures were occupied by quolls during the training period. 

 
Statistical analysis 
 

For each animal, we calculated the difference in the number of mealworms consumed after 

training minus the number consumed before training for each of the three predator-scent 

types (control, dingo and cat). For each individual quoll, we then calculated the mean after 

vs. before response. Once our data were confirmed to be normally distributed and variance 

homogenous, we used a one-way ANOVA to compare the after vs. before response of quolls 

between the three scent types. This analysis was performed using R (R Core Team 2019). 

We benchmark our results against data from predator-savvy, wild-caught, quolls from 

the mainland (Jolly et al. 2018b). The behavioural responses of predator-savvy quolls were 

measured using the same assay but these quolls had been caught from areas where quolls 

have likely persisted alongside dingoes for at least 3500 years (Letnic et al. 2014). We 

reasoned that the pattern of predator scent recognition displayed by these mainland quolls 
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allows them to detect and avoid predation events and, ideally, a similar pattern of behaviour 

would be displayed by quolls that were successfully trained to avoid dingoes.   
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Results 

 

Despite all quolls having been observed to be shocked by the electric stimuli while 

attempting to forage in the immediate presence of the dingo (and so fleeing at least once 

during the training period), there was no observable before/after difference in the mean 

numbers of mealworms consumed from the GUD boxes regardless of scent-type (one-way 

ANOVA; F2,48 = 0.157, p = 0.855; Fig. 4.3).  

 
Figure 4.3. Mean difference between the number of mealworms eaten by individual northern quolls from GUD 

boxes of each scent type before and after predator training. Boxes show median and interquartile range of the 

raw data; whiskers represent 1.5 times the interquartile range (IQR), or the range of the data, whichever is 

smaller. A negative number of mealworms eaten by quolls from dingo-scented boxes vs. control-scented boxes 

after training would signify a shift in behaviour suggesting they had acquired some learnt aversion to dingo 

scent. 

We benchmarked our results against the pattern of response observed in wild-caught, 

predator-savvy quolls (Fig. 4.4). Against this reference, our post-training animals ate a similar 

proportion of mealworms from control boxes, but a substantially higher proportion of 

mealworms in the predator-scented boxes.  
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Figure 4.4. Mean proportion (± SE) of mealworms eaten by wild-caught, mainland quolls and captive-bred, 

‘island ark’ quolls from giving-up density boxes fitted with one of three treatment scent types during a 2-h 

period.   
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Discussion 

 

Our results suggest that evolutionarily lost antipredator recognition may not be easily 

reinstated with the method of antipredator training we employed, despite us using the well-

worn route of instrumental conditioning to achieve learning in animals (Thorndike 1911; 

Skinner 1948; Griffin et al. 2000). After undergoing training in which live predators (a dingo 

and domestic dog) were paired with an electric shock, there was no before/after training 

difference in the mean number of mealworms eaten by captive-bred, ‘island ark’ northern 

quolls from each of the three types of scented GUD boxes (control, dingo-scented and cat-

scented; Fig. 4.3). That is, there was no observable change in the predator-scent recognition 

behaviour of captive-born Astell Island quolls elicited by our antipredator training method. A 

previous release of quolls from Astell Island to Kakadu National Park ultimately failed because 

of predation by dingoes (Jolly et al. 2018a). The ultimate aim of our study was to investigate 

whether antipredator training improves post-release survival. Because there was no 

observable change in predator-scent aversion in predator-trained quolls, we had no reason 

to believe that the outcome of an additional reintroduction was likely to be different. 

Therefore, for ethical reasons, we ceased further reintroduction attempts.  

The results of our study show fairly conclusively that the cohort of predator-naïve 

quolls we attempted to train did not learn to associate an aversive event (electric shock) with 

the scent of dingoes. Our training method may have failed because it did not create a tight 

temporal association between predator cues and aversive stimulus, and such tight 

association is the most powerful way to effect instrumental learning (Griffin et al. 2000, 

2001). Without actually allowing the canids into the cage with the quolls (a manipulation not 

available to us, on ethical grounds), tight temporal pairing was effectively impossible in our 

case. To mitigate that, we ran multiple trials with and without cue and stimulus. Thus, our 

seven nights’ training may not have been sufficient time for quolls to correlate predator with 

aversive stimulus. We also cannot rule out whether potentially more salient cues, such as the 

sight and sound of the canids, were the cues that quolls learned to associate with the 

aversive stimulus. As the canids foraged around the vestibule during the training period, they 

inevitably made noises and movements that quolls would have been able to perceive. If 

auditory and/or visual cues were more salient than the olfactory cues given off by the canids, 
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there is a possibility that these may have overshadowed the olfactory cues that we later 

tested for aversion against. When multiple cues are presented together, some or all can lose 

associative strength and may become less salient than if they were presented alongside the 

negative experience independently (Pearce 2013). Clearly it is not possible to isolate the cues 

given off by a live predator if used for antipredator training, however, future studies 

attempting to train predator aversion in predator-naïve animals would benefit by assessing 

all cues against which learning may have occurred. Nonetheless, if we use recognition of 

predator scent as a measurable baseline, it is clear that our training attempts in this case 

failed to improve scent recognition towards the levels we observe in predator-savvy 

populations. 

Predator-savvy quolls clearly recognise and avoid the subtle cues that identify a 

predator’s potential presence (i.e., scent), rather than simply responding to the actual 

presence of a predator (and so a potentially immediate predation event). By its very 

presence, this behavioural aversion suggests that scent recognition is important for avoiding 

encounters with predators well in advance of an actual predatory encounter. That our 

training method failed to impart this scent-recognition, speaks against it as a training method 

even if it has imparted recognition on some more proximal but unmeasured axis of sense 

(i.e., sight, sound).  

It is entirely possible that our training method was simply inadequate, but there is an 

alternative hypothesis worth flagging: it may not be possible to train antipredator behaviours 

into animals that have suffered from the evolutionary loss of predator recognition (Griffin et 

al. 2000; Jolly et al. 2018b). The training methodology we employed (i.e., instrumental 

conditioning) has a long history of being used successfully to elicit learnt behaviours in 

animals (Thorndike 1911; Skinner 1948; Griffin et al. 2001, 2002), so we might have expected 

it to work here also. There is also mounting evidence that some animals can and do learn 

from antipredator training via training methods similar to those used here (van Heezik et al. 

1999; Griffin et al. 2001; Moseby et al. 2012, 2015). Yet, our quolls showed no change in 

behaviour when presented with dingo fur after training with a live dingo paired with an 

electric shock (Fig. 4.3) and their responses were starkly different to those of quolls that 

recognised dingo scent and avoided it (Fig. 4.4). Given that instrumental conditioning has 
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support from both the behavioural ecology and psychological literature in its ability to 

promote learnt aversion in animals (Griffin et al. 2000), it is worth considering that our quolls 

were inherently difficult to train because they lacked the fundamental capacity to recognise 

predators. Predator naivety is thought to exist on a three-level scale of severity, with prey 

that demonstrate no ability to recognise a predator (and so adopt no antipredator behaviour 

because of this) being the most severely affected (Banks and Dickman 2007). We suspect that 

animals suffering from this most severe form of predator naivety (as do our island quolls) 

may be challenging to train. If an animal simply does not recognise when a predator is 

present or absent, the presence and absence of the aversive stimulus is not correlated with 

anything the animal observes. 

If antipredator traits are not easily returned to predator-free populations by means of 

antipredator training, we may require an evolutionary means of returning them (i.e., natural 

selection; Moseby et al. 2016, 2018). That is, the selection pressures leading to loss of 

antipredator traits in predator-free havens would need to be reversed, and the simplest 

means of achieving this would be to return sustainable levels of predation to the population. 

Such a strategy would also generate real, uncontrolled predator encounters from which 

individuals might learn (or be preyed upon). Recently, conservation managers have been 

having success instilling antipredator behaviours into populations that lack or have lost these 

behaviours by pairing predators and prey in semi-wild, fenced sanctuaries (Blumstein et al. 

2019). When paired with low densities of feral cats, both burrowing bettongs (West et al. 

2018) and greater bilbies (Ross et al. 2019) have been shown to have improved antipredator 

behaviour when compared to control, predator-naïve individuals, and, in bilbies, experience 

improved survival after introduction to areas with established cat populations (Blumstein et 

al. 2019; Ross et al. 2019). These results likely stem from a combination of learning and 

natural selection generated by the presence of predators.  

While this large-scale predator-exposure approach looks encouraging, it inevitably 

results in injuries and death of animals (through predation) and so raises ethical concerns. 

We must, of course, consider the ethics and the logistics of large-scale predator exposure 

strategies, but it is worth noting that the alternative—attempting to intensively train captive 

predator-naïve animals to fear predators (as we have done here)—involves skirting a fine line 
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between a training regime that is powerful enough to produce a lasting change in an animal’s 

behaviour and one that is within the bounds of social and ethical licencing. It is possible, for 

example, that a less abstracted training regime (e.g. placing a muzzled dingo into the quoll 

enclosures to simulate a genuine predation attempt) may have been more effective in our 

case (van Heezik et al. 1999; West et al. 2018; Blumstein et al. 2019; Ross et al. 2019). But 

such a manipulation—conducted on captively maintained animals at an establishment whose 

primary aim is ethical animal husbandry (e.g. wildlife parks and zoos)—did not win social 

licence. By contrast, exposing our havened populations to mild but real predation pressure 

seems less intensive, less ethically fraught, and, in the long run is likely to be more effective. 

Our results show that, even with well-understood teaching techniques, it can be 

difficult to teach predator recognition to individuals from predator-naïve populations. We 

tested only a single teaching technique, and so it remains plausible that different techniques 

may have had greater success in our system. We report our failed training effort here 

primarily because it is important to document failures so as to prevent duplicate effort, and 

to avoid biasing the literature. Our results, however, speak more broadly to the problem of 

predator naivete in predator-free havens. It would be best if we simply were not in a position 

of having to re-instil lost antipredator traits, but this situation is an outcome of well-

intentioned, and often desperately necessary, conservation efforts. Once the basic capacity 

to recognise predators is lost in havened or captive zoo populations, however, it may well be 

near impossible to train individuals to avoid predators using techniques involving any level of 

abstraction. Generally, then, it may be both necessary and prudent to expose havened 

populations to mild predation pressure to prevent loss of antipredator traits. Such an action 

provides real predation experiences to individuals, but also imposes the selection regime 

necessary to have populations adapt to conditions outside of predator-free havens. Such an 

action renders intensive training, such as we attempted here, unnecessary. The conservation 

community needs to consider the ethics and logistics of such an approach, but it is worth 

considering that the alternative—intensive training of individuals—may often involve equally 

difficult ethical considerations, with less guarantee of success.  
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Abstract 

 

If bold animals are more likely to be trapped than shy animals, we take a biased sample of 

personalities—a problem for behavioural research. Such a bias is problematic, also, for 

population estimation using mark-recapture models that assume homogeneity in detection 

probabilities. In this study, we investigated whether differences in boldness result in 

differences in detection probability in a native Australian rodent, the grassland melomys 

(Melomys burtoni). During a mark-recapture study of this species, we used modified open 

field tests to assess the boldness (via emergence, and interaction with a novel object) of 

melomys trapped on the last night of four trapping nights in each of two trapping sessions. 

Despite melomys showing repeatable variation in these behavioural traits, neither boldness 

nor emergence latency had an effect on detection probability, and we found no evidence 

that detection probability varied between individuals. This result suggests that any 

neophobia is experienced and resolved in individuals of this species on a scale of minutes, 

rather than the hours across which traps are made available each night. Our work 

demonstrates that personality-caused sampling bias may not be inevitable, even in situations 

where animals are required to respond to novelty to be detected, such as in baited traps. 

Heterogeneity in personality does not inevitably lead to heterogeneity in detection 

probability.   
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Significance statement 

 

Historically, passive traps were assumed a non-biased means of sampling animal populations. 

Increasingly behavioural ecologists suggest personality traits, particularly individual boldness, 

may influence behaviour and, as a consequence, could result in sampling bias. Here, we 

present a comprehensive example of when animal personality has no effect on detection 

probability. Despite having distinct personalities, detection probabilities of a native Australian 

rodent, grassland melomys Melomys burtoni, were not influenced by whether they were 

“shy” or “bold”. We provide evidence that heterogeneity in personality does not inevitably 

lead to heterogeneity in detection probability. Given that population estimation models 

typically assume homogeneity in detection probability between individuals, if this is a broad 

phenomenon, consistently similar results may improve our confidence in this assumption.  
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Introduction 

 

Why it is that individual animals differ in their behavioural response to potential risks and 

novel situations, has intrigued scientists for decades (see Réale et al. 2007). Increasingly, it is 

recognised that individuals of many animal species respond predictably in their behaviour, 

independent of time and/or situation (Sih et al. 2004, 2012; Réale et al. 2007; Wolf and 

Weissing 2012). Consistent, or repeatable, individual differences in behavioural patterns are 

referred to as personality in animals (Sih et al. 2004; Koski 2014). Réale et al. (2007) 

described personality traits as fitting into five categories: activity; aggressiveness; exploration 

(response to novel situations); shyness-boldness (response to potentially risky situations); 

and sociability. This framework for animal personality has since been widely adopted (Biro 

and Dingemanse 2009; Carter et al. 2013). Behavioural syndromes refer to when two or 

more of these personality traits correlate across contexts (Sih et al. 2004, 2012), and 

behavioural syndromes have been garnering increasing attention in the fields of ecology and 

evolution. Clearly, if animals demonstrate maladaptive personality traits (e.g., inappropriate 

boldness when exposed to a risk of predation) then they are likely to incur fitness costs 

(reviewed by Smith and Blumstein 2008), and such maladaptive behaviours would be 

expected to be lost via selection (Dall et al. 2004). Yet, animal populations are often found to 

comprise a breadth of personalities, and many also show evidence of behavioural syndromes 

(Sih et al. 2012).   

Many studies investigating personality in animals use wild-caught individuals that are 

then transferred to the laboratory (see Carere et al. 2005; Carter et al. 2013). An often-

implicit assumption of these laboratory studies is that they have random samples of 

individuals from the population. If sampling is biased by animal personality, such systematic 

bias could undermine studies that attempt to understand the distribution of personality traits 

in populations (Biro and Dingemanse 2009). Undeniably, the existence of ‘trap-bold’ and 

‘trap-shy’ individuals in populations of animals is a well-known phenomenon and has been 

observed in numerous taxa (e.g. feral rabbits (Oryctolagus cuniculus): Sunnucks 1998; 

invasive stoats (Mustela erminea): King et al. 2003; Bengal tigers (Panthera tigris tigris): 

Wegge et al. 2004; collared flycatchers (Ficedula albicollis): Garamszegi et al. 2009). Despite 

this, most models used to estimate animal population size assume all individuals have the 
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same detection probability (Jolly 1965; Seber 1970; but see Dorazio and Royle 2003). As a 

consequence, unmodeled individual-level variation in trappability typically violates model 

assumptions and can cause biased population estimates (Carothers 1973; Gilbert 1973; Link 

2003; Hwang and Huggins 2005; Cubaynes et al. 2010). 

In recent years, a number of studies have sought to directly test whether trappability 

is affected by boldness. For example, a 2009 study found that boldness varied less and was 

greater in trapped birds than in free-living birds (Garamszegi et al. 2009). This was followed 

by findings that flight initiation distances of free-living lizards were consistent between trials 

and strongly predicted the individual’s trappability (Carter et al. 2012). Both studies suggest 

that animals captured using these techniques would generate a biased sample of 

personalities in these populations. Inverting the problem, numerous studies have actually 

used trappability as a measure of boldness (e.g., Wilson et al. 1993; Réale et al. 2000; Boyer 

et al. 2010; Montiglio et al. 2012; Le Cœur et al. 2015).  

Whether it is used as a metric, or treated as a methodological nuisance, personality-

driven sampling bias is more than just an abstract problem; it can have real-world 

implications. From a conservation perspective, if behavioural syndromes exist in a 

population, and trapped animals are bolder than untrappable individuals (e.g., in response to 

a novel predator), this could have profound implications for a) estimating the impact of a 

threatening process (Ward-Fear et al. 2019); and b) the success of reintroductions that tend 

to only relocate the boldest (and so most predator-prone) animals.  

More recently, however, animal personality was not found to inevitably lead to 

sampling bias (Michelangeli et al. 2016). Michelangeli et al. (2016) showed that despite 

lizards possessing distinct personalities independent of context (behavioural syndromes: (Sih 

et al. 2004), there was no difference in the personality of skinks caught by three different 

capture methods (hand catching and noosing [active], and pitfall trapping [passive]). Their 

results imply that trapping bias may not be as pervasive as suspected and may be strongest in 

methodologies that require animals to respond to novelty, such as that posed by a baited 

trap (e.g., Carter et al. 2012).   
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To test the effects of boldness on detection probability, we studied grassland 

melomys (Melomys burtoni), a medium-sized, granivorous, nocturnal, semi-arboreal rodent 

native to coastal north-eastern Australia (Begg et al. 1983; Taylor and Tulloch 1985; Kemper 

et al. 1987; Dyer et al. 2011). Despite their name, grassland melomys occur in a variety of 

well-watered habitats, and are relatively common throughout their range (Begg et al. 1983; 

Taylor and Tulloch 1985; Kemper et al. 1987). To investigate how boldness may affect 

detection probability in this native Australian rodent, we measured boldness of melomys 

using modified open field tests. Open field tests have a long history of being used to 

effectively assess behaviours such as boldness, exploration and neophobia (Montiglio et al. 

2012; Carter et al. 2013; Perals et al. 2017), particularly with rodents in the psychological 

literature (Walsh and Cummins 1976; Gould et al. 2009). Our aim was to investigate the 

relationship between boldness and detection probability in this species, and its implications 

for potentially biasing studies of small to medium-sized mammals using baited traps. Baited 

traps (e.g. cage, Elliott and Sherman traps) are widely used for studies of wild mammal 

populations, yet their potential for introducing sampling bias has yet to be studied. We 

predicted that bolder individuals would be more willing to enter traps over the monitoring 

period and would, therefore, have higher detection probabilities, irrespective of sex and 

weight. We also used simulation to explore our ability to detect real effects of boldness on 

detection probability given our sample sizes.  
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Methods 

 

Animal collection  
 

Grassland melomys (Melomys burtoni) were collected from Indian Island (known as Kabal by 

Traditional Owners; 25 km2), Bynoe Harbor, Northern Territory, Australia (-12°37’24.60”S, 

130°30’0.72”E), during three trips occurring in May (site 1) and August (sites 2-7) 2017, and 

April 2018 (sites 1-7). This island is remote and uninhabited by humans, so all monitoring and 

behavioural experiments were conducted in the field under near natural conditions. 

Melomys were caught from seven independent 1ha (100 m x 100 m) plots spread out across 

Indian Island (plots spaced from 300 m to 9.5 km apart) using a standard mark-recapture 

trapping regime designed for a monitoring project (Begg et al. 1983; Kemper et al. 1987). 

Each site consisted of 100 Elliott traps (Elliott Scientific Equipment, Upwey, Victoria) spaced 

at 10 m intervals in a 10 x 10 grid (Kemper et al. 1987; Tasker and Dickman 2001). Most 

trapping grids were open for four nights (n = 6), however, the first trapping grid was open for 

six nights.  After four trap nights, it is clear that the majority of the population has been 

captured at least once (see Appendix II, Fig. S5.1).  Traps were placed such that they were 

under, or close to, cover and tended to be placed in areas likely to be routes of travel for 

these rodents (e.g. against fallen logs). Traps were baited with peanut butter and rolled oats 

(Paull et al. 2011). These baits were replaced daily for the duration of the trapping session. 

Elliott traps were checked for captures early each morning and all traps were cleared within 

2-hours of sunrise.  

On capture, individual melomys were weighed (g) and their sex was determined via the 

presence of testes or distance between anal opening and genital opening. Each melomys was 

given a (Trovan Unique ID100) microchip before release, and, on successive mornings, all 

were scanned (Trovan LID575 Handheld Reader) for a microchip and any new individuals 

were given a microchip. These data were collected for each night of trapping and on the 

morning following the last night of trapping all melomys caught were retained for 

behavioural experiments. Throughout the study 308 individual melomys were captured and 

given microchips. Of these 308 individuals, 41% were caught on the final night of trapping 

and were retained for behavioural trials (n = 125). Injury and illness can affect rodent 
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behaviour, and the behaviour of nearby conspecifics via olfactory cues (Arakawa et al. 2011). 

We suspected pregnancy may also affect female behaviour via altered hormone levels 

(Pawluski et al. 2009). For this reason, only large, healthy juveniles (n = 5), adult male (n = 

58), and adult non-visibly pregnant female (n = 62) melomys were retained for behavioural 

experiments.  

Melomys were transported within their respective Elliott traps from each study site to 

base camp the morning after the last night of trapping (mean distance = 548 m; range = 133-

1244 m; maximum travel time = 15 min). Traps containing melomys were slowly rolled on 

their roofs and were maintained in this orientation for the duration of their captivity. This 

orientation of traps was needed for the behavioural experiments and inverting them early in 

the day allowed melomys to become accustomed to it. While held at camp, they were kept in 

a cool, shaded area throughout the day. Each melomys was provided with food (peanut 

butter and rolled oats) and water. Two hours prior to behavioural experiments commencing 

after dark, all melomys were processed (weighed, sexed and, if new, microchipped) and, at 

this time, were deprived of food to stimulate feeding and exploratory behaviour (Réale et al. 

2007). All melomys were released after undergoing open field testing, and within 3 hours of 

dark. Melomys were not maintained in Elliott traps for any longer than 27 hours.  

 

Modified open field tests 
 

We employed modified open field tests (also referred to as emergence tests: see Brown and 

Braithwaite 2004; López et al. 2005; Carter et al. 2013) to assess boldness in grassland 

melomys. All open field tests were conducted in opaque-walled experimental arenas (540mm 

x 340mm x 370mm). Experimental arenas were modified plastic boxes that had an inverted 

Elliott trap sized hole cut in one end and were illuminated by strings of red LED lights (Fig. 

5.1). Each experimental arena had natural sand as substrate, and a bait ball located both in 

the centre and along one wall of the arena (Fig. 5.1). After dark, Elliott traps containing a 

melomys were inserted into the hole in the side of each experimental arena and melomys 

were allowed to acclimatise for 10 min. At the start of each trial, Elliott trap doors were 

locked open—the inverted orientation of the trap prevented them from being triggered 

closed. Melomys were given 10 min to explore the open field arena. After 10 min, a novel 



 102 

object (plastic bowl) was placed at the end of the arena opposite the Elliot trap (Fig. 5.1) and 

melomys were given another 10 min to explore the arena and interact with the novel object. 

Elliott traps remained open during the entirety of the open field tests and melomys could 

shelter and emerge from them under their own volition. The sand substrate was replaced, 

and arenas washed with sea water and detergent between trials to avoid olfactory 

contamination by conspecifics. All trials were recorded using a GoPro HERO 3. After each 

trial, the footage was downloaded to a laptop computer for later playback and data analysis. 

Most melomys (n = 95) were only exposed to a single open field test. A subset of melomys (n 

= 30; males: n = 12; females: n = 18) from four sites, however, were exposed to repeat trials 

(n = 3) to test for repeatability of behaviours (Bell et al. 2009). Repeat trials were conducted 

on the same night with an hour interval between trials. Repeating trials on successive nights 

was impossible because we had no way to ensure animals were re-caught, nor did we have 

the facilities to house animals in captivity while in the field on a remote island. Once trials 

were complete, each melomys was released at its point of capture.  

 

Figure 5.1. Open field test experimental setup. Each melomys was allowed to explore the experimental arena for 

10 minutes, after which a novel object (plastic bowl) was placed in each arena, and melomys were given a 

further 10 minutes to forage. 

 

To measure the boldness of individual melomys, we scored three behaviours typically 

associated with boldness and neophobia in rodents (Dielenberg and McGregor 2001; 

McGregor et al. 2002; Réale et al. 2007): whether melomys fully emerged from their Elliott 

trap hide and entered the open arena during the first 10 min (scored 0 or 1, respectively); 
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whether they fully emerged and entered the trial arena during the second 10 min (scored 0 

or 1); and whether they interacted (made contact) with the novel object that was placed in 

the arena during the second 10 min (scored 0 or 1). Additionally, we recorded emergence 

latency (seconds) before and after the introduction of the novel object for each trial. For 

melomys that did not emerge during the 20 min trial we scored them as having an 

emergence latency of 1200 seconds (n = 47). Videos were scored by a single observer whom 

was blind to each melomys’ origin, identity, behaviour in previous trials, and detection 

probability. “Boldness scores” are an index of the response of each melomys to the three 

measures of boldness. Boldness scores were calculated by summing across the three metrics 

for each melomys (boldness scores = 0–3). Emergence latency was scored by summing the 

emergence latency between before (out of 600 seconds) and after (out of 600 seconds) the 

introduction of the novel object. 

 

Statistical analysis 
 

All data analysis was performed using the statistical program R (R Core Team 2019). 

Behavioural repeatability of boldness scores, emergence latency and novel object 

interactions through time was assessed using the intraclass correlation coefficient (ICC) using 

the rptR package (Stoffel et al. 2017), for the subset of melomys that were trialled 

repeatedly. This descriptive statistic describes how strongly multiple repeat measures 

resemble one another within groups (individual melomys), but it is also influenced by how 

much individuals differ. The rptR package uses generalised linear mixed models to calculate 

repeatability estimates and allowed us to specify the error structure of our data. 

We assumed that individuals caught on the last night of the session were present on 

the site throughout the session. This assumption is reasonable because each trapping session 

was relatively brief (between 4–6 nights); melomys on Indian Island have very small home 

ranges (tending to be caught in the same or adjacent traps throughout the trapping period: 

Jolly et al. unpub. data); we never observed captures of melomys marked at other sites (Jolly 

et al. unpub. data); and all melomys trialled in open field tests were caught on the final night 

of trapping (so are clearly present in the population). Mark-recapture analysis estimates the 

probability of detection given presence, P(detection|presence), and all our animals were 
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present, thus the proportion of trapping nights each of our animals was observed is a direct 

estimate of the detection probability used in mark-recapture methods, albeit at an individual, 

rather than population level. We used the number of capture nights within each trapping 

session to estimate detection probability for each individual melomys for which we had open 

field test observations. To do this we used generalised linear mixed-effects models with 

binomial errors and a logit link. Since boldness scores were found to be repeatable, only data 

from the first trial was used in this analysis so that each individual had a single boldness 

score. We first tested whether boldness score affects detection probability, with session 

treated as a random effect. This model was run with boldness score defined as both a 

categorical factor (with four levels: boldness score = 0, 1, 2 & 3) and as a continuous variable 

(categorical AIC = 345.39 vs. continuous AIC = 342.60, respectively). Both methods produced 

similar results but running the model with boldness score as a continuous variable is the 

simplest model justifiable (given our question) and also the simplest model with which to 

develop power analyses (see below), so is the model we report here. Sex (male, female and 

unknown [juvenile]) and mass (g) were initially included as fixed effects with and without 

interaction terms but were removed from the model after they were found to have no effect 

(sex: χ2 = 139.25, df = 3, P = 0.41; mass: χ2 = 125.85, df = 107, P = 0.96). We used the same 

analysis to test whether emergence latency affects detection probability with session treated 

as a random effect. Again sex and mass were included as fixed effects with and without 

interaction terms but were removed from the model after they were found to have no effect 

(sex: χ2 = 139.62, df = 3, P = 0.85; mass: χ2 = 126.19, df = 107, P = 0.86).  

We were also interested in whether there was an interaction between the night on 

which a melomys was caught and its boldness score (i.e., were shy melomys more likely to be 

caught the more nights traps were open?). For each melomys, we scored whether or not an 

individual was caught each trapping night and fitted a model with a night x boldness 

interaction term (treating night as a continuous variable). This allowed us to assess whether 

boldness score affected the relationship between trappability and trap night. We also 

examined a model without this interaction to determine whether animals habituated to traps 

over time. We tested both of these queries using generalised linear mixed-effects models 

with session included as a random effect and with binomial errors and a logit link. 
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Since behaviours are known to be labile and it should not be assumed that a single 

behavioural measure is necessarily accurate (Niemelä and Dingemanse 2018), we also subset 

our data to include only melomys that had completed three open field tests (n = 30). This 

allowed us to more rigorously investigate whether mean boldness scores and/or mean values 

for emergence latency affected detection probability. Mean values were calculated for each 

individual by averaging their scores across the three repeat trials they experienced. To do this 

we used generalised linear models with binomial errors and a logit link to independently test 

the effect of these two variables on detection probability.    

Additionally, since baited traps require animals to respond to novelty in order to be 

trapped, we used a generalised linear mixed-effects model with session included as a random 

effect and with binomial errors and a logit link to test whether one component of our 

boldness score—whether or not an individual interacted with the novel object during open 

field tests—affected detection probability.  

Our findings throughout this study rely on the assumption that our data are not 

systematically biased by missing the hardest to catch and/or “shyest” animals during 

trapping. We test this assumption directly, by testing whether individual detection (p) is 

sufficiently variable that we may miss sampling a meaningful proportion of behavioural 

phenotypes within each population. To test whether there is variation in individual detection 

(p), we use a generalised linear model with binomial errors and a logit link to compare a null 

model allowing individual-level variation in detection (p) to a null model without individual-

level variation in detection (p). We then compare these models using a likelihood ratio test. 

When we conduct this test, we find there is no support for the model allowing variance 

across individuals in detection probability (c2 = 577.77, df = 1 P = 0.65).  This, coupled with a 

mean per night detection probability of around 0.55 (see results), suggests it is very unlikely 

that we have an unsampled class of undetectable animals in our study.     

For all analyses, P-values were obtained by likelihood ratio tests comparing models 

with and without the effect in question and are presented as F statistics or chi-squared 

values and p-values. Statistical significance was assigned at α = 0.05. 
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Since we failed to reject our null hypothesis and our results were at odds with a 

number of previous studies that suggest boldness could bias sampling (Wilson et al. 1993; 

Biro and Dingemanse 2009; Garamszegi et al. 2009; Carter et al. 2012; Stuber et al. 2013; but 

see Michelangeli et al. 2016), we conducted a power analysis to assess the effect size we 

could expect to detect given our sample size for each boldness category. To understand how 

our power to detect an effect changes with effect size, we simulated data (10 000 sets) with 

sample sizes for each boldness category equivalent to those we obtained, but with varying 

(linear) effect sizes (see Appendix II). These simulated sets were used to evaluate our power 

to detect effects of varying sizes. All analyses conducted were performed using R (R Core 

Team 2019).  
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Results 

 

Melomys showed repeatable behaviour for boldness score, emergence latency and novel 

object response when individuals responses were compared between the three trials (ICC: 

boldness score: R [±CI95%] = 0.67 [0.47, 0.80], P < 0.001; emergence time: R [±CI95%] = 0.73 

[0.53, 0.83], P < 0.001; novel object: R [±CI95%] = 0.61 [0.209, 0.974], P < 0.001). Despite 

“bold” melomys being repeatedly bold between trials (high boldness scores [2–3]) and “shy” 

melomys being repeatedly shy between trials (low boldness scores [0–1]), we found no 

significant overall effect of boldness (F = 0.077, df = 1, P = 0.78; Fig. 5.2; Table 5.1) nor 

emergence latency (F = 0.337, df = 1, P = 0.56; Table 5.2) on detection probability in 

melomys. That is, bold melomys were no more likely to be re-caught on successive nights of 

trapping than were shy individuals. There was also no significant interaction between trap 

night and boldness score (F = 0.917, df = 1, P = 0.34; Table 5.3) and similarly, no evidence for 

habituation (detection systematically changing over time: F = 198, df = 1, P = 0.66). When we 

subset the data to ensure we were not missing an effect of behaviour that would only be 

detected from repeated samples of each individual, we found no significant effect of mean 

boldness (χ2 = 18.10, df = 1, P = 0.95; Table 5.4) nor an effect of mean emergence latency (χ2 

= 18.01, df = 1, P = 0.93; Table 5.5) on detection probability in melomys. Additionally, 

melomys that interacted with the novel object during open field tests were not more likely to 

be detected during monitoring than were individuals that did not (F = 0.101, df = 1, P = 0.75).  
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Figure 5.2. Estimated mean detection probability (± CI95%) of grassland melomys (Melomys burtoni) in each of 

four boldness score categories. n indicates the number of melomys falling into each boldness category. The black 

line indicates the minimum linear effect size (expressed as the detection probability) that we could have detected 

with 80% power given our sample sizes for each category. 

 

Table 5.1. Generalised linear mixed-effects model (GLMM) testing whether boldness affects detection probability 

with session treated as a random effect. This is the simplest model justifiable given our question, and is the 

model used for our power analysis. 

Fixed effects Estimate Standard error P 

Intercept 0.170   0.326   

Boldness  0.018 0.067 0.782 

Random effect Variance Standard deviation  

Session 0.178   0.422   
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Table 5.2. Generalised linear mixed-effects model (GLMM) testing whether emergence latency affects detection 

probability with session treated as a random effect. 

Fixed effects Estimate SE P 

Intercept 0.066   0.387   

Boldness  0.0001 0.0002 0.562 

Random effect Variance Standard deviation  

Session 0.823 0.428  

 

Table 5.3. Generalised linear mixed-effects model (GLMM) testing whether an interaction between boldness and 

trap night affects detection, with session treated as a random effect. 

Fixed Effects Estimate SE P 

Intercept 

Boldness 

Trap night 

-0.755 

0.177 

0.138 

0.462 

0.175 

0. 137 

 

0.312 

0.314 

Boldness*Trap night  -0.066 0.069 0.339 

Random effect Variance Standard deviation  

Session 0.180 0.424  

 

Table 5.4. Generalised linear model (GLM) testing whether mean boldness across three open field tests for each 

individual (n = 30) affects detection probability. 

Fixed Effects Estimate SE P 

Intercept -0.011   0.259   

Boldness  0.010 0.173 0.954 
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Table 5.5. Generalised linear model (GLM) testing whether mean emergence latency across three open field tests 

for each individual (n = 30) affects detection probability. 

Fixed Effects Estimate SE P 

Intercept -4.62e-2   5.81e-1   

Boldness  4.82e-5 5.75e-4 0.933 

 

 

To understand the effect size we could expect to detect given our data, we simulated 

10 000 datasets with sample sizes identical to our dataset within each boldness category, but 

with varying effect sizes on detection. With these sample sizes, we had sufficient power 

(80%) to detect an effect of boldness on detection probability with a slope ³ 0.19 (Fig. 5.3). 

For the mean detection probability we observed in our data (P(detection|present) = 0.549), 

this is equivalent to detecting a change in detection probability of 0.14, between our shyest 

and boldest categories (presented as the detectable effect slope in Fig. 5.3). 

 

 
Figure 5.3. Estimated power to detect an effect (at a=0.05) with fixed sample sizes (boldness score: 0 [n = 47]; 1 

[n = 19]; 2 [n = 12]; and 3 [n = 47]), calculated over a range of effect sizes.  
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Discussion 

 

Despite melomys having a repeatable behavioural type through time—bold melomys were 

consistently bold and shy melomys were consistently shy between trials—we detected no 

effect of this behavioural variation on detection probability (Fig. 5.2). That is, bold individuals 

were no more likely to be trapped than were shy individuals.  

Although it is impossible to entirely rule out the possibility that sampling bias could 

have resulted in us only detecting the boldest individuals and systematically missing the 

hardest to capture individuals in the population (Biro and Dingemanse 2009; Biro 2013), this 

possibility is very unlikely in our case. Since our mean per-night detection probability is 

reasonably high (around 0.55, Fig. 5.2), and we find no evidence of individual variation in 

detectability, it is very unlikely that we systematically missed some individuals. Additionally, 

large variation in the behaviour of tested melomys further suggests it is unlikely we are 

relying on biased data (see Fig. 5.2). Consistent with a lack of individual variation in detection, 

we also found that variation in emergence latency had no effect on detection probability—

melomys that rapidly emerged from their shelters were not more detectable than those that 

took longer to emerge or did not emerge during open field tests. To ensure we had not 

inaccurately assigned boldness scores and emergence times to individual melomys, we 

reassessed this question using mean values for these traits (scored from three trials for 30 

individuals), however, we detected no effect of mean values for either behavioural measure 

on detection probability (Table 5.4, 5.5). We anticipated that these measures of boldness 

would influence detection probability and that bold melomys would be caught more 

frequently than would shy individuals (Biro and Dingemanse 2009; Garamszegi et al. 2009; 

Carter et al. 2012; Biro 2013; Stuber et al. 2013; but see Michelangeli et al. 2016), but we 

were unable to reject the null hypothesis of no effect. Our power analysis implies that we did 

not simply fail to detect a large effect, but that intraspecific differences in boldness really can 

only have a very small effect (if any) on the detection probability in these rodents (Fig. 5.2).  

Our results are both intriguing and have important implications for animal personality 

research and population censusing in general. Ours is one of very few studies to demonstrate 

that trapping bias is not inevitable (Biro and Dingemanse 2009; Michelangeli et al. 2016), 
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despite our use of traps that require animals to respond to novelty (Wilson et al. 1993; Carter 

et al. 2012; Biro 2013; Stuber et al. 2013). Michelangeli et al. (2016) found strikingly similar 

results to ours when they tested whether three different capture methods (both active and 

passive [pitfall trapping]) of lizards (Lampropholis delicata) resulted in sampling bias of bolder 

personality types. In their study, they found that trapping method did not result in sampling 

bias and concluded that personality-caused sampling bias may be confined to passive 

trapping methods that require animals to respond to novelty (e.g., baited traps). Here, we 

demonstrate that personality-caused sampling bias may not even be inevitable in passive 

sampling that requires response to novelty. In fact, in our open field tests, responses of 

melomys to a novel object had no effect on their detection probability. This result suggests 

that neophobia may be experienced and resolved in individuals of this species on a scale of 

tens of minutes, rather than the hours across which traps are made available each night.  

Experiments designed to measure animal personality have recently received critical 

review (Carter et al. 2013), and it is certainly worth considering whether our experiment is 

appropriate to measure the personality trait we intended to measure. The aim of our study 

was to measure boldness and to determine whether it influences detection probability, and 

we can be reasonably confident that our modified open field tests are truly measuring 

boldness in trialled individuals. Open field tests have been found to test multiple personality 

traits at once (e.g., exploration and boldness: Walsh and Cummins 1976; Bell et al. 2009; 

Perals et al. 2017) and have been criticised for this (Carter et al. 2013). Our modification of 

the open field test design, by allowing melomys to emerge from hiding of their own volition 

(e.g., latency to emerge), is thought to be a true measure of boldness (Perals et al. 2017). 

Furthermore, while designing experiments that solely test a single personality trait may be 

desirable under some circumstances, compound measures are often more ecologically 

relevant, and designing experiments that evaluate this may be more informative. Certainly, if 

personality traits are structured into behavioural syndromes, for which there is strong 

evidence (Sih et al. 2004, 2012), an individual’s response to any circumstance (including a 

behavioural experiment) may almost be influenced by multiple personality traits. Thus, our 

metrics are broadly accepted metrics of boldness and neophobia, and they are likely 

ecologically relevant. 
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Given our metrics are reasonable, it is striking that this behavioural heterogeneity did 

not result in appreciable detection heterogeneity. In mark-recapture models, it is generally 

assumed that there is no unaccounted heterogeneity in detection. Behavioural variation is a 

very likely source of individual-level variation in detectability, and such individual-level 

variation can cause extreme difficulties in estimating population size in mark-recapture 

studies, particularly where detection rate is low (Link 2003; Cubaynes et al. 2010). In our 

case, despite clear variation between individuals in trap-relevant aspects of personality (i.e., 

boldness and neophobia), this heterogeneity had very little bearing on the animals’ 

trappability; indeed our analysis suggests that there may be little to no individual variation in 

trappability in our system. 

Trappability has often been used as an index for boldness in animal personality 

studies (Boyer et al. 2010; Montiglio et al. 2012; Le Cœur et al. 2015), but our results suggest 

that this should not necessarily be assumed (see also Vanden Broecke et al. 2018). Certainly, 

against our metric for boldness (measured in open field trials), there is no correlation with 

trappability, despite us having considerable power to detect such an effect. We suspect that 

in this case, any neophobia invoked by the presence of a trap in our system may: a) operate 

at a timescale that is irrelevant to trappability; and b) be overwhelmed by the lure of an easy, 

high-value meal. In our study (as in most studies of wild rodents), traps are both abundant 

relative to population density (at 10 m intervals) and available to exploit (open) all night. As a 

result, there is a high probability of individual melomys encountering an open trap and then 

having hours to investigate it. Although neophobia occurs, it tended to be resolved in 

minutes in our open field test recordings. Therefore, the timescale at which neophobia may 

operate in this species means that variation in this trait may simply missed by trapping. Thus, 

attention to survey design—ensuring traps are dense enough to avoid trap saturation—may 

be a general strategy for avoiding a biased sample of personalities.  Such considerations also 

ensure sampling meets the assumptions of most mark-recapture designs (Royle and Dorazio 

2008), so well-designed trap-based mark-recapture studies may often avoid personality 

sampling bias also. 

Neophobia may often play out at short time scales, and this seems particularly likely 

in situations where resources are ephemeral or competition for resources is intense. In our 
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system, in the wet-dry tropics of Northern Australia, for example, rainfall is extremely 

seasonal—confined to a short wet season—and is very stochastic in both its amount and 

timing (Taylor and Tulloch 1985). This stochasticity results in resources such as food being 

extremely unreliable and unpredictable through space and time (Madsen and Shine 1996; 

Shine and Brown 2008). Such an environment should favour rapid resolution of neophobia; 

though such environments—in which there is seasonal scarcity—are common. Additionally, 

predator diversity (Terborgh et al. 2001) and anti-predator responses of prey (Cooper et al. 

2014) tend to be reduced on islands, and so selection against boldness may be weaker in our 

study environment. Further study investigating personality-induced trapping biases in 

mainland systems, and in those with steady resource supply (if such can be found), would 

provide interesting comparisons to the current study.  

Although we found no relationship between boldness and trappability, we caution 

against generalising these results too far. There is evidence that boldness affects 

trappability/detection in some species with some trapping designs, and boldness may have 

other life history consequences. As such, where there are important consequences, the 

precautionary principle suggests we should assume there to be bias inherent in sampling for 

each species until proven otherwise. This is of particular concern for the discipline of 

conservation biology, where sampling bias due to personality could have major implications. 

At the very least, sampling bias as a result of personality in threatened species could lead to 

inaccurate population estimates, and inaccurate estimates of impact of threatening 

processes. Additionally, if behavioural syndromes bias sampling of threatened species to only 

the boldest individuals in the population, this could lead to reduced success of reintroduction 

programs. This is of particular concern in Australia, where predation has led to many failed 

reintroductions (Moseby et al. 2015). Since boldness has been found to incur fitness costs 

due to reduced survival (Smith and Blumstein 2008), it is of paramount importance that 

further research is conducted to determine whether reintroduction programs are 

unintentionally introducing a bias towards collecting and reintroducing only the boldest 

animals within a threatened population.   
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Conclusion 

 

The trapping methodology used in this study—baited traps—is one of the most commonly 

used trapping methodologies for small to medium-sized mammals worldwide (Tasker and 

Dickman 2001), and our results suggest that, when deployed at sufficient density, such traps 

are an appropriate, unbiased means of sampling behavioural variation in rodents such as the 

grassland melomys. We found no correlation between boldness and nightly detection 

probability in melomys. We provide the first evidence that individual differences in animal 

personality do not bias this method of trapping, and provide additional evidence to support 

the suggestion that trapping bias is not always inevitable (Michelangeli et al. 2016). Baited 

traps require animals to respond to novelty and overcome neophobia in order to become 

trapped and this has led to trappability in such traps being used as a measure of boldness 

(Wilson et al. 1993; Boyer et al. 2010; Montiglio et al. 2010; Carter et al. 2012; Le Cœur et al. 

2015). It may, however, be important to assess species’ biology and trapping context (e.g., 

island tameness [Rodl et al. 2007; Cooper et al. 2014] and an ability to respond to 

unpredictable resources) when considering whether to use trappability as a reliable measure 

of boldness. We provide strong evidence to suggest that trappability should only be used as a 

measure of boldness with caution and additional experiments may be required to test 

whether trappability is indeed a good measure of this trait. Finally, individual heterogeneity 

in detection poses a significant impediment to accurate estimates of population size using 

standard mark-recapture models. We provide evidence that individual-level variation in 

boldness does not inevitably lead to individual-level detection heterogeneity.  
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Abstract 

The arrival of novel predators can trigger trophic cascades driven by shifts in prey numbers. 

Predators also elicit behavioural change in prey populations, via plasticity and rapid 

evolution, and such behavioural responses by prey may also contribute to trophic cascades. 

Here we document the effects of a novel predator on the behaviour and demography of a 

native prey species. We reveal rapid behavioural responses in the prey species (grassland 

melomys, a granivorous rodent) following the introduction of a novel marsupial predator 

(northern quoll). Within months of quolls appearing, populations of melomys exhibited 

reduced survival and population declines relative to control populations. Quoll-exposed 

populations were also significantly shyer than nearby, predator-free populations of 

conspecifics. This rapid but generalised response to a novel threat was replaced over the 

following two years with more threat-specific antipredator behaviours (i.e. predator-scent 

aversion). Predator-exposed populations, however, remained more neophobic than 

predator-free populations throughout the study. These behavioural responses manifested 

rapidly in changed rates of seed predation by melomys across treatments. Quoll-exposed 

melomys populations exhibited lower per-capita seed take rates, and rapidly developed an 

avoidance of seeds associated with quoll scent, with discrimination playing out over a spatial 

scale of tens of metres. Presumably the significant and novel predation pressure induced by 

the introduction of quolls drove melomys to fine-tune their behavioural response through 

time as the nature of the threat became clearer. These behavioural shifts could reflect 

individual plasticity in behaviour or may be adaptive shifts from natural selection imposed by 
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quoll predation. Our study provides a rare insight into the rapid ecological and behavioural 

shifts enacted by prey to mitigate the impacts of a novel predator and shows that trophic 

cascades can be strongly influenced by behavioural as well as numerical responses.  
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Introduction 

 
Predation is one of the most pervasive and powerful forces acting on populations. Not only 

does predation directly impact a population's demography (Schoener and Spiller 1996), it 

also imposes natural selection (Abrams 2000). Although pervasive, predation is not a 

constant. The pressure that predators impose on populations will vary through time and 

space (Lima and Dill 1990; Sih 1992) as a consequence of tightly coupled predator-prey 

dynamics; prey switching; or stochastic processes. The fact that predation is not constant, 

and that antipredator defences may be costly, suggests that flexible, plastic responses to 

predation pressure will often be favoured (Sih et al. 2000; Berger et al. 2001). There is, in 

fact, a great deal of empirical evidence that plastic responses to predation are common (e.g. 

Relyea 2003; Brown et al. 2013; Cunningham et al. 2019): investment in antipredator traits 

across morphology, life-history, and behaviour is often flexible, and dependent on the 

perceived risk of predation. 

As well as impacting prey populations, it is increasingly apparent that predators play a 

powerful role in structuring communities (Estes et al. 2011). Some of our best evidence for 

this comes from the introduction of predators to naïve communities. Invasive predators can 

cause extinctions (Medina et al. 2011; Woinarski et al. 2015; Doherty et al. 2016), and alter 

trophic structures and ecosystem function within recipient communities (Courchamp et al. 

2003; Simberloff et al. 2013). We typically think of these cascading outcomes as purely 

numeric effects: predators depress the size of prey populations, and the altered numbers of 

prey can cause cascading numerical changes down trophic levels (e.g. Ripple et al. 2001). 

These numerical effects are undeniably important, but the fact that predators can also elicit 

phenotypic change in prey populations—through plasticity and natural selection—means 

that subtler ecological effects may also manifest. Prey species living in a landscape of fear 

may forage at different times, or in different places compared with the same species in a 

predator-free environment (Laundre et al. 2010). Such behavioural shifts will alter all 

downstream species interactions in potentially complex ways (e.g. Fortin et al. 2005; Suraci et 

al. 2016). 

Because predator invasions are rarely intentional or anticipated, there is a scarcity of 

controlled empirical work on the effects of novel predators on recipient communities and the 
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mechanisms via which these effects play out (but see Lapiedra et al. 2018; Pringle et al. 

2019). Such tests are needed, however, if we are to predict invasive species impacts, advance 

conservation management (Sih et al. 2010), and improve our understanding of how 

communities are structured (Sax et al. 2007). Here, we exploit a conservation-motivated 

predator introduction, and show that (as well as numerical effects) rapid shifts in prey 

behaviour occurred, and these behavioural shifts caused measurable change in downstream 

trophic interactions.  

Northern quolls (Dasyurus hallucatus) were, until recently, a common predator across 

northern Australia. They have declined over the last several decades, following the general 

decline in northern Australian mammals (Woinarski et al. 2015), thought to be driven by 

changes in grazing, fire, and predation regimes (Braithwaite and Griffiths 1994). More 

recently, the invasion of toxic invasive prey (cane toads, Rhinella marina) has resulted in 

dramatic, range-wide population declines in northern quolls (Shine 2010; Oakwood et al. 

2016). Due to local extinction, northern quolls are now absent from large tracts of their 

former range and their ecological function as a medium-sized mammalian predator has been 

lost (Moore et al. 2019). For their conservation, northern quolls have recently been 

introduced to a number of offshore islands where they have never previously existed. We 

exploit the introduction of northern quolls to a new island to directly test the effects of quolls 

as a novel predator on an island ecosystem and observe how native prey adjust to mitigate 

the impacts of their arrival.  

In 2017, a population of 55 “toad-smart” northern quolls were introduced to a 25km2 

island off the coast of north-western Northern Territory, Australia (Kelly 2019). Prior to this 

introduction, Indian Island (Kabal) lacked mammalian predators, and large native reptilian 

predators had recently been reduced to near extinction by the invasion of cane toads. The 

introduction of northern quolls provided a unique opportunity to test the effects of the 

arrival of a novel predator in a system that has been isolated from major mammalian 

predators for thousands of years.  
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Methods 

 
Introduction of northern quolls 
 

In May 2017, 55 adult northern quolls were introduced to the north-eastern tip of Indian 

Island, Bynoe Harbor, Northern Territory, Australia (12°37’24.60”S, 130°30’0.72”E) to field 

test the conservation strategy of targeted gene flow (Kelly and Phillips 2016). Quolls are a 

voracious, opportunistic generalist predator (< 1.5kg; Oakwood 1997), and their introduction 

presented a unique opportunity to monitor the behavioural and demographic impacts on 

grassland melomys (Melomys burtoni), a native mammalian granivorous prey species (mean 

body mass 56 g, 5.6–103.7g). Immediately prior to the introduction of quolls, we started 

monitoring populations of melomys in one woodland and two monsoon vine thicket plots in 

the vicinity of where quolls were to be released and radio tracked. After quolls were 

introduced and tracked it became immediately apparent that quolls were largely avoiding 

monsoon vine thicket sites and these sites were dropped from the on-going monitoring. For 

this reason, we only present data from before the introduction of quolls from one invaded 

site. Most of our data compare quoll-invaded versus quoll-free sites over time, commencing 

within a few months of quoll arrival. 

 

Melomys population monitoring 
 

To determine whether the arrival of a novel predator resulted in demographic impacts 

(population size and survival) to native prey species, we monitored populations of melomys 

on Indian Island, during four trips occurring in May (site 1) and August 2017 (sites 2–7), April 

2018 (sites 1–7), and May 2019 (sites 1–7). Melomys were caught from seven independent 

1ha (100 m x 100 m) plots (sites 1–7) spread out across Indian Island using a standard mark-

recapture trapping regime designed for a monitoring project (Begg et al. 1983; Kemper et al. 

1987). Four “impact”, quoll-invaded sites were established in the north of the island in the 

vicinity of where quolls were released and three “control”, quoll-free sites were established 

in the south of the island. Sites in the north (quoll-invaded) and south (quoll-free) of the 

island were between 8.7 and 9.8km apart (Table 6.1) and were composed of similar habitat 
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types. The northern and southern sections of Indian Island are divided by mangrove habitat 

which is inundated at high tide. We assumed quolls would be confined to the northern half of 

the island for at least a few years. Cage and camera trapping as well as track surveys 

confirmed that quolls were present at the “impact” sites and absent from the “control” sites 

for the duration of the study (Jolly et al. unpub. data). 

Table 6.1. Pairwise distance matrix between sites on Indian Island, Northern Territory, Australia. Quolls were 

present at sites 1–4 and quolls were absent at sites 5–7 for the duration of the study.  

Distance (m) Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 

       

Site 2 270 
      

Site 3 260 350 
     

Site 4 400 300 250 
    

Site 5 8760 9030 8710 9000 
   

Site 6 8470 8730 8450 8070 300 
  

Site 7 9670 9920 9590 9820 1260 1500 
 

 

Each of the seven monitoring sites consisted of 100 Elliott traps (Elliott Scientific 

Equipment, Upwey, Victoria) spaced at 10 m intervals in a 10 x 10 grid. Most trapping grids 

were open for four nights, however, the first trapping grid (site 1, May 2017) was open for six 

nights. After four trap nights, the majority of the melomys population had been captured at 

least once (Jolly et al. 2019). Traps were baited with peanut butter and rolled oats. These 

baits were replaced daily for the duration of each trapping session. Traps were checked for 

captures early each morning and all traps were cleared within two hours of sunrise.  

Captured melomys were weighed (g) and sexed. Before release, each melomys was 

implanted with a microchip (Trovan Unique ID100). On successive mornings, all melomys 

were scanned (Trovan LID575 Handheld Reader), and any new individuals were 

microchipped. On the last morning of each trapping session, all melomys caught were 

retained for behavioural assays. Throughout the study 435 individual melomys were captured 

and given microchips. Of these, 146 (34%) were caught on the final night of trapping and 

were retained for behavioural trials. Only large, healthy juveniles (n = 11), adult males (n = 

58), and adult non-visibly pregnant females (n = 77) were retained for behavioural 

experiments. Indian Island is remote and uninhabited by humans, so all behavioural 



 128 

experiments were conducted in the field under near natural conditions (see Jolly et al. 2019 

for detailed experimental procedures). 

 

Modified open field tests 
 

We employed modified open field tests (also referred to as emergence tests: see Brown and 

Braithwaite 2004; López et al. 2005; Carter et al. 2013; Jolly et al. 2019) to assess boldness in 

grassland melomys and whether the arrival of a novel predator resulted in behavioural shifts 

in invaded populations. All open field tests were conducted on the night after the last trap 

night (night 5) and in opaque-walled experimental arenas (540mm x 340mm x 370mm). 

Experimental arenas were modified plastic boxes that had an inverted Elliott trap sized hole 

cut in one end and were illuminated by strings of red LED lights (Jolly et al. 2019). Each 

experimental arena had natural sand as substrate, and a bait ball located both in the centre 

and along one wall of the arena (Jolly et al. 2019). After dark, Elliott traps containing a 

melomys were inserted into the hole in the side of each experimental arena and melomys 

were allowed to habituate for 10 min. At the start of each trial, Elliott trap doors were locked 

open—the inverted orientation of the trap prevented them from being triggered closed. 

Melomys were given 10 min to explore the open field arena. After 10 min, individuals were 

rounded back into their retreat (the Elliott trap) and a novel object (plastic bowl) was placed 

at the end of the arena opposite the Elliott trap (Jolly et al. 2019). Melomys were then given 

a further 10 min to explore the arena and interact with the novel object. Elliott traps 

remained open during the open field tests and melomys could shelter and emerge from them 

under their own volition. All trials were recorded using a GoPro HERO 3. A previous study in 

this system determined that melomys showed repeatable behaviour between trials (Jolly et 

al. 2019), therefore the data presented in this study were from a single behavioural trial of 

each animal (n = 146). Once trials were complete, each melomys was released at its point of 

capture.  

To measure the boldness of individual melomys, we scored three behaviours typically 

associated with boldness and neophobia in rodents (Dielenberg and McGregor 2001; 

McGregor et al. 2002; Réale et al. 2007; Cremona et al. 2015): whether melomys fully 

emerged from their Elliott trap hide and entered the open arena during the 0–10 min period 
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(scored 0 or 1, respectively); whether they fully emerged and entered the trial arena during 

the 10–20 min period (scored 0 or 1); and whether they interacted (made contact) with the 

novel object that was placed in the arena during the 10–20 min period (scored 0 or 1). Videos 

were scored by a single observer who was blind to each melomys’ origin and identity. 

Because interacting with the novel object was predicated on a melomys’ willingness to 

emerge from their hide during the 10–20 min period, for analysis we combined their 

emergence during this period and interaction with the novel object into a single binary score: 

0 (neophobic) = did not emerge or emerged but did not interact with novel object; or 1 (not 

neophobic): emerged and interacted with novel object. 

 

Seed removal plots 
 

To assess whether the arrival of a novel predator affected the seed predation behaviour of 

granivorous melomys, we established seed removal plots at each site and sampled them 

each trapping session (night 6). After trapping and open field tests were conducted and 

melomys had been returned to their capture location, we set up 81 seed plots at each site by 

scraping away leaf litter with a shovel to create bare earth plots. These bare earth plots were 

created so that they were located in the centre between four Elliott traps within the 10x10 

trapping grid. Just before dark on the night of the seed removal experiment, we placed a 

single wheat seed in the centre of each bare earth plot. These seeds were either unscented, 

control seeds (n = 40) or predator-scented seeds that had been maintained in a sealed clip-

lock bag filled with freshly collected northern quoll fur (n = 41). The placement of predator-

scented and unscented seeds was alternated so that there was a chequered arrangement of 

scented and unscented seeds across the site. To ensure that the predator-scent was strong 

enough to be detected by melomys, along with the predator-scented seeds, we also placed a 

few strands of quoll fur around the predator-scented seeds. Before light the next morning, 

we returned back to each plot and counted the number of seeds of each scent-type that 

were removed from the plot. Melomys are the only nocturnal granivorous animal that occurs 

on Indian Island, and to avoid diurnal granivorous birds from removing seeds we conducted 

this experiment during the night only. 
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Wildfire on northern Indian Island 
 

Immediately following our monitoring and experiments in August 2017, a wildlife broke out 

on northern Indian Island in the vicinity of the four quoll-invaded sites and burnt through all 

of the sites. Because of this, our experimental design is confounded by the fact that all of our 

quoll-invaded sites were burnt, and all of our quoll-free sites were unburnt. Fire is a regular 

disturbance in this landscape (Andersen et al. 2005), and previous work has shown little 

effect of fire on abundance, survival or recruitment of grassland melomys (Griffiths and 

Brook 2015; Liedloff et al. 2018). Nonetheless, this confound exists and we proceed with 

caution when interpreting the effects of quolls on population size and survival of melomys. 

 

Statistical analysis 
 

During trapping sessions we identified individual melomys that were captured at each site by 

their unique microchips. Because melomys on Indian Island have very small home ranges 

(tending to be caught in the same or adjacent traps throughout the trapping period: Jolly et 

al. unpub. data) and since we never observed captures of melomys marked at other sites 

(Jolly et al. unpub. data), we treated each site as independent with regard to demographics 

and behaviour (Table 6.1).  

To estimate between-session survival, we analysed the mark-recapture data to 

estimate recapture and survival rates using Cormack-Jolly-Seber models in program MARK. At 

each site, there were three primary trapping sessions of four nights, for a total of 12 time 

intervals in the input file. Because quolls prey on melomys, we hypothesised that survival 

rates of melomys would be lower between trapping sessions at sites with quolls than at sites 

without quolls. We included two groups, quoll-free (control) and quoll-invaded (impact), in 

the input file. We ran a series of models in MARK to test the following a priori predictions: 

(1) survival rates between sessions are lower at quoll-free sites than at quoll-invaded sites; 

(2) survival rates are lower between sessions than within sessions, but are unaffected by 

quolls; (3) survival is constant through time; and (4) survival varies through time. All 

candidate models were ranked according to their AICc values and associated AIC weights 

(Burnham and Anderson 1998). 
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To test whether the presence of quolls impacted melomys population size, we used a 

hierarchical model in which population size was made a function of quoll presence/absence, 

capture session, and the interaction between these factors. Population size at each site 

during each session is estimated in this process, and we fitted this model in a Bayesian 

framework. Our observations consisted of a capture history for each observed individual over 

the number of nights at each site for each trapping session. We denoted the number of 

individuals at site s during session k as Nks. To estimate Nks we used a closed population mark-

recapture analysis in which each individual, I, was either observed, or not, according to a 

Bernoulli distribution: 

Oiks ~ Bernoulli(ds) 

Our previous MARK analysis found clear evidence for variation in detection probability across 

sessions, but detection probabilities of melomys on Indian Island had previously been found 

not to vary measurably between individuals nor to change over time within a trapping 

session (Jolly et al. 2019). Thus, we made detection probability a function of session 

according to: 

logit(ds) = μd + ts 

Where ds denotes the expected detection probability within session s, μd is the expected 

detection probability in the first session, and ts denotes the (categorical) effect of session on 

detection. 

We used the “data augmentation” method (Tanner and Wong 1987; Royle et al. 

2007; Kery and Schaub 2011) in combination with this detection probability to estimate Nks 

for each site.session. Using this approach, the data were ‘padded’ by adding an arbitrary 

number of zero-only encounter histories of ‘potential’ unobserved individuals. The 

augmented dataset was modelled as a zero-inflated model (Royle et al. 2007) which changes 

the problem from estimating a count, to estimating a proportion. This was executed by 

adding a latent binary indicator variable, Riks, to classify each row in the augmented data 

matrix as a ‘real’ individual or not, where Riks~ Bernoulli(Ωks). The parameter Ωks was 

estimated from the data, and Nks = Si Riks.  
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We then made Ωks (which scales with population size) a function of quoll 

presence/absence, qc; session, bk; and the interaction between the two:  

logit(Ωks) = μp + qc + bk + gck 

The model was fitted using Bayesian Markov Chain Monte Carlo (MCMC) methods 

and minimally informative priors (Table 6.2) within the package JAGS (Plummer et al. 2017) 

using R (R Core Team 2019). Parameter estimates were based on 30,000 iterations with a 

thinning interval of 5 following a 10,000 sample burn-in. Three MCMC chains were run, and 

model convergence assessed by eye, and using the Gelman-Rubin diagnostic (Gelman and 

Rubin 1992a, 1992b). 

To assess whether the introduction of quolls affected the behaviour of melomys 

populations, we divided the responses of melomys in open field tests into two independent 

response variables: the proportion that emerged during the 0-10 min period; and the 

proportion that emerged and interacted with the novel object during the 10-20 min period. 

We used generalised linear mixed-effects models with binomial errors and a logit link to test 

the effect of quoll presence and trapping session, with site included as a random effect, on 

the behavioural response variables. P-values were obtained by likelihood ratio tests of the full 

model with the effect in question against the model without the effect. This analysis was 

performed using R with the lme4 software package (R Core Team 2019). 

To assess whether the numerical impact of quolls on melomys affected the seed 

predation rate of invaded melomys populations, we first examined the relationship between 

melomys population size (estimated above) and the total number of seeds removed in the 

control (unscented) seeds. Here we used a simple linear model with number of seeds 

removed as a function of population size, quoll presence/absence and the interaction 

between these effects. To test whether there was an additional effect of quoll presence, 

beyond their effect on population size, we defined a new variable, D, as the difference in 

seed take between scented and unscented treatments within each site.session. Here any 

effect of melomys density is cancelled out (because density is common to both treatments 

within each site.session). Thus, we fitted a model in which D is a function of quoll 



 133 

presence/absence, session and the interaction between these effects. These analyses were 

performed using R (R Core Team 2019). 
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Results 

 

Effect of novel predator on survival 
 

When we assessed the impact of quolls on melomys survival between trapping sessions the 

best supported model was one in which survival rates between sessions were lower at quoll-

invaded sites than at quoll-free sites, and recapture rates were session-dependent (Table 

6.2). All other models were more than 4 AIC units from this best model, and so clearly 

inferior descriptions of the data. From the best-supported model, estimates of apparent 

survival for the intervals between the capture sessions were substantially higher at quoll-

free sites (S2017–2018 = 0.368; S2018–2019 = 0.225) than at quoll-invaded sites (S2017–2018 = 0.207; 

S2018–2019 = 0.091; Fig. 6.1). The differing survival probability between sessions is largely 

explained by the time difference between intervals (2017–2018 = 9 months vs. 2018–2019 = 

13 months; Fig. 6.2). 

 

 
Figure 6.1. Between trapping session survival (± SE) of grassland melomys (Melomys burtoni) on Indian Island in 

quoll-invaded (n = 4) and quoll-free (n = 3) populations on Indian Island, Northern Territory, Australia.  
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Table 6.2. Results of Cormack-Jolly-Seber analyses used to compare survival (Phi) and recapture (p) probabilities 

of grassland melomys (Melomys burtoni) on Indian Island, Northern Territory, Australia. The symbols ‘.’ and ‘t’ 

refer to constant and time, respectively. Table shows AIC values and associated AIC weights, model likelihood, 

number of parameters (N), and model deviance. The term ‘w/b’ indicates that within trapping session survival 

rates (s1-s3, s5-s7, s9-s11) were constant and equivalent, and different to the between trapping session survival 

rates (s4, s8). The term ‘group w/b’ is as above, except that between trapping session survival rates differed 

between the two groups. 

Model AICc Delta AICc 
AICc 

Weights 
Model 

Likelihood N Deviance 
Phi (group w/b) p(t)  1688.629 0 0.92162 1 16 477.5224 
Phi (w/b) p(t)  1693.562 4.933 0.07823 0.0849 14 486.6202 
Phi (t) p (t) 1706.168 17.5394 0.00014 0.0002 21 484.553 
Phi (g*t) p(t)  1712.896 24.2675 0 0 32 467.664 
Phi (t) p (g*t)  1718.863 30.2344 0 0 32 473.631 
Phi (t) p (.)  1719.862 31.2339 0 0 12 517.0641 
Phi (t) p (g)  1720.751 32.1229 0 0 13 515.8843 

 
 

Effect of novel predator on population size 
 

Populations of melomys declined dramatically in quoll-invaded sites in the year following 

their introduction but not in quoll-free sites (Fig. 6.2). A strong negative interaction between 

the presence of quolls and trapping session in 2018 (mean = -1.194, 95% credible interval [-

1.732, -0.665]) and 2019 (mean = -1.097, 95% credible interval [-1.652, -0.551]) suggested 

that the presence of quolls dramatically impacted these populations of melomys (Fig. 6.2; 

Table 6.3). 
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Figure 6.2. Posterior mean population sizes (Nks ± CI95%) for quoll-invaded and quoll-free populations of grassland 

melomys (Melomys burtoni) on Indian Island, Northern Territory, Australia. The orange dotted vertical line 

denotes the timing of the introduction of quolls. The red dotted vertical line denotes the timing of an unplanned 

fire that burnt through the quoll-invaded sites. Estimates assume closure of the population within each session 

and detection probability that varies across sessions. 
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Table 6.3. Model parameters and their priors including prior distributions, standard deviation, estimated 

posterior means and their 95% credible intervals. N denotes normal probability distribution with mean and 

standard deviation. 

 

 

Effects of novel predator on prey behaviour 
 

For the proportion of melomys emerging in open field tests during the 0–10 min period, 

there was a significant interaction between quoll presence and trapping session (c2 (5) = 

4.386, P = 0.04; Fig. 6.3). There was no interaction between quoll presence and trapping 

session for the proportion of melomys emerging and interacting with the novel object during 

10–20 min period (c2 (5) = 2.567, P = 0.109; Fig. 6.3). The model without this interaction, 

however, revealed a significant effect of quoll presence on the neophobic behaviour of 

Model Parameters 

Name for parameter Parameter Prior (mean, SD) 
Posterior 

mean 
95% credible 

intervals 

Detection: 

Intercept for detection µd N (0, 2.71) -0.938 -1.118, -0.760 

Effect of session 2 on 
detection t2 N (0, 2.71) 0.592 0.332, 0.852 

Effect of session 3 on 
detection t3 N (0, 2.71) 0.458 0.179, 0.730 

Population size: 

Intercept for Omega µP N (0, 2.71) -0.906 -1.222, -0.583 

Quoll Presence r2 N (0, 2.71) 0.698 0.314, 1.093 

Trapping Session 2 b2 N (0, 2.71) 
 

0.061 
 

-0.360, 0.478 

Trapping Session 3 b3 N (0, 2.71) 
 

-0.100 
 

-0.527, 0.339 

Interaction 1 [Quoll 
Presence * Trapping 

Session 2] 
γ2,2 N (0, 2.71) -1.194 -1.732, -0.665 

Interaction 2 [Quoll 
Presence * Trapping 

Session 3] 
γ2,3 N (0, 2.71) -1.097 -1.652, -0.551 
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melomys in open field tests, with fewer melomys emerging from hiding and interacting with 

the novel object during the 10–20 min period of open field tests from sites where quolls 

were present than from sites where quolls were absent (c2 (5) = -4.696, P < 0.001; Fig. 6.3). 

 

 

Figure 6.3. Mean proportion (± SE) of grassland melomys (Melomys burtoni) emerging from hiding during open 

field tests from quoll-invaded sites in 2017 (n = 16), 2018 (n = 28) and 2019 (n = 29), and quoll-free sites in 2017 

(n = 14), 2018 (n = 35) and 2019 (n = 24) on Indian Island, Northern Territory, Australia. 

 

Effects of novel predator on seed removal and predator-scent aversion 
 

There was a very clear positive relationship between melomys density and seed take (t18 = 

5.112, P < 0.001; Fig. 6.4) and a clear negative relationship between quoll presence and seed 

take (t18 = -2.344, P = 0.031; Fig. 6.4). There was, however, no interaction between melomys 

density and quoll presence (t18 = -0.251, P = 0.805; Fig. 6.4). When we looked at the 

difference in seed take (D) between scent treatments within site.session, a striking pattern 

emerges, in which there is a clear interaction between the presence of quolls and session 

(F3,17 = 18.61, P < 0.001; Fig. 6.5). Soon after the introduction of quolls to Indian Island in 
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2017, responses of melomys to predator-scented seeds were indistinguishable between 

populations with and without quolls, however, the difference in the responses of melomys 

diverged after quolls had been present for one (2018) and two years (2019), respectively (Fig. 

6.5).  

 

 
 

Figure 6.4. Effect of estimated population size on the number of control, unscented seeds removed from seed 

plots (n = 21) in quoll-invaded and quolls-free sites. Dotted lines denote the effect of quoll presence on seed 

removal rate.  
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Figure 6.5. Mean (± SE) difference (D) between the number of predator-scented seeds  and control, unscented 

seeds removed by melomys from quoll-invaded (n = 3; 2017 & n = 4; 2018-19) and quoll-free (n = 4; 2017 & n = 

3; 2018-19) sites during each trapping session.  
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Discussion 

The introduction of northern quolls to Indian Island was associated with lowered survival (Fig. 

6.1) and an immediate drop in population size (Fig. 6.2) in quoll-invaded melomys 

populations. This numerical effect on melomys density had an immediate impact on seed 

predation rates (Fig. 6.4), because seed take is strongly associated with the density of 

melomys in this system. This is a classic trophic cascade: predation suppresses herbivore 

density, which reduces the pressure that herbivores place on primary producers. Our study, 

however, also reveals an additional, subtler, cascade effect; driven by altered prey behaviour 

rather than by altered prey density (Fig. 6.3 & 6.5).  

Within months of quolls appearing on the island, invaded populations of melomys 

were significantly shyer than nearby, predator-free populations of conspecifics (Fig. 6.3). This 

rapid but generalised response to a novel threat appears to have had a subtle effect on seed 

predation rates: when we examine unscented seeds, per capita seed take is slightly lower in 

quoll-invaded populations (Fig. 6.4). This generalised response appears to have been 

supplemented over time with more threat-specific antipredator behaviours (Fig. 6.5). 

Although the willingness of predator-exposed melomys to emerge from shelter (i.e. boldness) 

converged through time with that of predator-free melomys, predator-exposed melomys 

continued to be more neophobic than their predator-free conspecifics throughout the study 

(Fig. 6.3). Meanwhile, predator-scent aversion, as evidenced by seed plots, steadily increased 

over time (Fig. 6.5). Presumably the significant and novel predation pressure induced by the 

introduction of quolls resulted in selection on behaviour and/or learning in impacted rodent 

populations, allowing them to fine-tune their behavioural response (decrease general 

shyness, but maintain neophobia, and respond to specific cues) as the nature of the threat 

became clearer. These changing behavioural responses imply a generalised reduction in seed 

take that also becomes fine-tuned over time, with high risk sites (those that smell of 

predators) ultimately displaying substantially much lower seed take than low risk sites. Thus, 

we see a reduction in seed take that applies to the entire landscape becoming a fine-grained 

response, varying on a spatial scale measured in the tens of metres. 

Predation is a pervasive selective force in most natural systems, driving evolutionary 

change in prey morphology, physiology, life history and behaviour. Unlike morphology and 
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physiology, however, the labile nature of behaviour makes it a particularly powerful trait for 

rapid response in a changing world (Réale et al. 2007; Dall and Griffith 2014). Behavioural 

comparisons of wild populations exposed to differing predation regimes provides some 

support for the prediction that reduced boldness would be selected for under high predation 

scenarios (Åbjörnsson et al. 2004; Bell 2005; Brydges et al. 2008) and that the appearance of 

novel predators can result in bold individuals becoming shyer (Niemelä et al. 2012), however, 

the opposite pattern of response can also occur (Brown et al. 2005; Urban 2007) or 

behavioural phenotypes can be unrelated to predation regime (Laurila 2000; Carlson and 

Langkilde 2014). Interestingly, a number of studies have demonstrated that individuals from 

high-predation areas were quicker to emerge (Harris et al. 2010) and were bolder and more 

aggressive (Bell and Sih 2007; Dingemanse et al. 2007) than predator-naïve conspecifics. 

Although we found the opposite pattern to this immediately following the arrival of a novel 

predator, by the second year after predator introduction we found the emergence latency 

and boldness of melomys converging with that of predator-free populations. It is plausible 

that with more time they may become bolder than their predator-free conspecifics (by way 

of compensating for additional costs of acquiring food). Thus, it is clear that the behavioural 

state of the population is dynamic, and it seems likely this dynamism (and perhaps the 

capacity of the prey species to identify specific threats) may explain some of the variation 

between earlier studies.  

Although boldness may change over time, neophobia, as a generalised adaptive 

response to predation pressure, is now well supported across a number of studies (Crane et 

al. 2019). Individuals living under high predation risk scenarios have been shown to typically 

display generalized neophobia (Brown et al. 2015; Elvidge et al. 2016), and neophobia can 

increase the survival of predator-naïve individuals in initial encounters with predators (Ferrari 

et al. 2015; Crane et al. 2018). Certainly, in our study, predator-exposed melomys were 

significantly more neophobic than their predator-free conspecifics; an effect maintained 

throughout the study.  

Despite reduced survival, significant population declines, and clear behavioural 

changes in invaded populations, it is impossible to determine with certainty from our data 

whether changes in the behaviour of predator-invaded melomys populations are the result 
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phenotypic plasticity (learning) or natural selection. The low between trapping session 

survival (S2017–2018 = 0.207; S2018–2019 = 0.091; Fig. 6.1) of melomys in quoll-invaded 

populations means few individuals survive between sessions, so natural selection is a 

possibility, and selection on these behavioural traits is potentially very strong. Although 

behavioural changes in predator-invaded populations have been documented in a few 

systems where predator introductions have been staged and experimentally controlled 

(Lapiedra et al. 2018; Blumstein et al. 2019; Cunningham et al. 2019; Pringle et al. 2019), 

elucidating whether these observed changes arise because of behavioural plasticity or 

natural selection can be exceptionally difficult. Rapid behavioural responses of vulnerable 

prey to recovered predators has been observed in a single prey generation, presumably due 

to behavioural plasticity (Berger et al. 2001; Cunningham et al. 2019). Similarly, behavioural 

adjustments to an introduced predator have been observed as a result of natural selection 

on advantageous behavioural traits (Lapiedra et al. 2018). In this study, although we had 

measures of individual behaviour, our between session recapture rates of these individuals 

was sufficiently low that we had no longitudinal data on the behaviour of individuals to test 

whether individuals were adjusting their behaviour or whether natural selection was 

resulting in population-level change. It thus remains possible (and quite likely) that both 

mechanisms were in play.  

Although northern quolls represent a novel predator to melomys on Indian Island, the 

two species’ shared evolutionary history on the northern Australian mainland may provide 

some explanation as to why this staged introduction resulted in rapid, finely-tuned 

behavioural adjustment in melomys, rather than extinction. Isolation from predators can 

rapidly result in the loss of antipredator behaviours from a prey species’ behavioural 

repertoire (Blumstein and Daniel 2005; Jolly et al. 2018a), dramatically increasing an 

individual’s susceptibility to predation following the introduction of either predator or prey 

(Carthey and Banks 2014; Jolly et al. 2018b). But such outcomes are not inevitable: length of 

isolation, co-evolutionary history, degree of predator novelty, density-dependent effects, 

population size, and pre-existing predator-prey associations (Berger et al. 2001; Blumstein 

2006; Banks and Dickman 2007; Sih et al. 2010; Carthey and Banks 2014) are all likely to be 

hugely influential in determining whether an invaded population adjusts to the invader or 

proceeds towards extinction. Recently, a conservation introduction of Tasmanian devils to an 
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island previously lacking them found that their possum prey rapidly adjusted their foraging 

behaviour to accommodate this newly arrived predator (Cunningham et al. 2019). Despite 

possums having lived on the island in isolation from devils since the 1950s, presumably, their 

long evolutionary history together on mainland Tasmania had them primed to respond to this 

predatory archetype (Sih et al. 2010; Carthey and Banks 2014; Cunningham et al. 2019). This 

shared evolutionary history is likely responsible for both possums’ and melomys’ ability to 

rapidly mount appropriate antipredator responses to the introduction of these predators. 

The predators are novel within an individual’s lifetime, but the individual’s ancestors have 

encountered them before.  

Such considerations are of more than just theoretical interest. While native Australian 

mammals clearly possess the ability to rapidly respond to some evolutionary novel predators 

under certain circumstances (Carthey and Banks 2014; Blumstein et al. 2019), many native 

mammals have been unable to mount rapid and/or effective enough defences to thwart the 

invasion of evolutionarily novel predators (cats, foxes). This situation has led to widespread 

predator-driven extinction on the Australian continent, resulting in Australia leading the 

world in modern mammal extinctions (Woinarski et al. 2015).  

Although our study documented dramatic population declines in predator-invaded 

melomys populations, and we are assigning the causation of these declines to the 

introduction of quolls, we need to address the unplanned, confounding factor of the fire that 

burnt through northern Indian Island after completion of our population monitoring and 

behavioural assays in 2017 (Fig. 6.2). Such fires are commonplace in the Australian wet-dry 

tropics (Russell-Smith and Yates 2007); a regular disturbance that is often rapidly offset by 

the annual monsoon driven wet season. Since our sites are composed of grass-free 

woodland, the fire that burnt through them mostly burnt leaf-litter (though it reached the 

mid-storey in other parts of the island). While this likely reduced the short-term availability of 

food and cover for melomys, it is unlikely to directly explain the demographic effects we 

observed (Fig. 6.1 & 6.2). A previous study investigating the effect of fire regimes on native 

mammals in savanna woodland in Kakadu National Park, Northern Territory was unable to 

detect an effect of fire frequency or intensity on the survival or recruitment of grassland 

melomys, despite finding fire impacts in all other co-occurring native mammals studied 
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(Griffiths and Brook 2015). Interestingly, even in a system where fire is much more infrequent 

and significantly more intense (e.g. mesic habitats of eastern Australia), grassland melomys 

were found to be relatively unaffected by a wildfire that caused significant impacts to a co-

occurring native rodent, and any demographic impacts felt by melomys were entirely absent 

within months of the fire (Liedloff et al. 2018). Additionally, the most dramatic behavioural 

difference (boldness and neophobia) between quoll-invaded and quoll-free sites was 

observed immediately prior to the occurrence of the fire (early August vs. mid-August 2017; 

Fig 6.2 & 6.3). For the behavioural changes we observed that were potentially confounded by 

fire, such as predator-scent aversion, we would expect to see these effects decreasing with 

time since fire if fire was driving this response, instead we see the opposite trend (Fig. 6.5). 

Finally, if food had become strongly limiting as a consequence of the fire, we would expect to 

have observed an increase in seed take in the burned (quoll-invaded) sites, instead we saw a 

decrease. For these reasons, we suspect the fire was unlikely to be directly responsible for 

the demographic effects to melomys we observed, and fire cannot in any way explain the 

response we observed to quoll-scented seeds. We, therefore, believe our interpretation of 

these changes as being driven mostly by the addition of a novel predator to the system is the 

most parsimonious and globally coherent interpretation of the data. Fires in northern 

Australian savannas have, however, been shown to reduce cover for prey species, facilitating 

and improving the hunting ability of predators (McGregor et al. 2014). There is, therefore, a 

strong possibility that this fire may have facilitated the hunting capabilities of quolls, 

increased the predation pressure and selection on behaviour imposed by their arrival in this 

system.  

Although our results suggest that invaded melomys populations are beginning to 

adjust to the presence of northern quolls as a novel predator on Indian Island, there has been 

no sign of demographic recovery from the addition of this predation pressure on the island 

(Fig. 6.1 & 6.2). Data from our seed removal experiment clearly demonstrated that the 

function of melomys as seed harvesters and dispersers scales with density (Fig. 6.4). Trophic 

cascades resulting from the addition and loss of predators from ecosystems has been 

observed in a number of systems globally (Ripple et al. 2001; Terborgh et al. 2001; Estes et al. 

2011), and the results can profoundly shape entire systems. As the only rodent and the 

dominant granivore in this system, while melomys populations may not go extinct as a result 
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of quoll invasion, their reduced abundance and reduced seed predation may have dramatic, 

yet to be observed, longer-term consequences for the vegetation structure and ecosystem 

function of Indian Island (McConkey and O’Farrill 2016). Currently, grass is a rare vegetation 

feature on Indian island (though it is a dominant feature of savanna woodlands generally), 

and this is quite possibly a result of the high density of melomys on this (previously) predator-

free island. The presence of quolls may well change that, as both numerical and behaviour 

responses of melomys cascade down to the grass community.  

Empirical research on the effects of novel predators on recipient communities under 

controlled conditions on a landscape-scale is exceptionally difficult and remains relatively 

rare. The introduction of threatened predators to landscapes from which they have been lost 

(Cunningham et al. 2019) or where they are entirely novel (Lapiedra et al. 2018), however, 

provides a unique opportunity to observe how naïve prey can respond to novel predators, 

and the mechanisms by which predators can structure communities. Our study provides 

empirical support that some impacted prey populations can adjust rapidly to the arrival of a 

novel predator via a generalised behavioural response (decreased boldness) followed by 

development of a species-specific antipredator response (behavioural fine-tuning). The 

arrival of the novel predator set off a trophic cascade that was driven, not only by changed 

prey density, but also by changed prey behaviour. Thus, rapid adaptive shift may allow prey 

populations to persist, but large-scale, system-wide changes may still follow.  
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Chapter 7. Rapid evolution may cause conservation 

havens to further threaten endangered species 

 

Manuscript in preparation:  

Jolly C. J., & Phillips B. L. (Accepted). Rapid evolution may cause conservation havens to 

further threaten endangered species. Conservation Biology. 

 

Invasive predators are implicated in almost 60% of all contemporary bird, mammal, and 

reptile extinctions (Doherty et al. 2016). For many native species, the arrival of invasive 

predators sets up a race between the processes of adaptation and extinction; a race often 

won by extinction (Woinarski et al. 2015). Indeed, many native species have declined so 

precipitously that one of our very few options has been to move them into ‘havens’—islands 

and fenced areas—free from invasive predators (Legge et al. 2018). This ensures persistence 

of threatened taxa by removing the demographic burden of predation, but also blunts 

predator-imposed natural selection. The species is saved, but we are now learning that 

havening can also select for bold, hyper-competitive individuals, causing rapid evolutionary 

loss of antipredator traits (Jolly et al. 2018a). This trait loss can affect antipredator responses 

towards both invasive and native predators. If this maladaptive evolution is occurring in 

‘havens’ generally, it may dramatically undermine the value of havening as a conservation 

strategy. 

While the evolutionary concerns associated with small, isolated populations are 

broadly discussed (Stockwell et al. 2003; Frankham 2008), evolution in response to predator 

exclusion is rarely considered by conservation managers (Hayward and Kerley 2009; Moseby 

et al. 2016). Where it is considered, it is assumed (often implicitly) that antipredator traits will 

only be lost very slowly, over hundreds or thousands of generations. As such, the 

evolutionary loss of antipredator traits is not seen as a pressing management issue. There are 

certainly some documented cases of antipredator traits being retained over long periods of 

time in the absence of predators (Carthey and Blumstein 2018); if a trait is irrelevant to 
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fitness we would not expect it to disappear rapidly (Lahti et al. 2009); and there are 

hypotheses—such as the multi-predator hypothesis (Blumstein 2006)—that help explain why 

traits might be maintained in some circumstances. So, the assumption is that antipredator 

traits will persist in predator-free havens. This assumption, however, has rarely (if ever) been 

tested. 

It is clear that most antipredator traits are ultimately lost following long-term 

isolation from predators (Blumstein et al. 2004; Blumstein and Daniel 2005; Muralidhar et al. 

2019), and that in captive populations antipredator traits can be lost quickly (McDougall et al. 

2006). Recently, we documented the rapid loss of antipredator traits in an endangered 

population moved to an island haven (Jolly et al. 2018a). Northern quolls (Fig. 7.1) moved to 

an offshore haven in 2003 had, by 2016, lost their response to an important natural predator 

(dingoes), rendering them ineffective for reintroduction programs (Jolly et al. 2018b). This 

trait loss, in less than 13 generations, was an evolved one: captive-reared mainland quolls 

responded to dingo scent, but captive-reared island quolls did not. The speed of this trait loss 

was surprising but implies there was strong selection acting to remove antipredator traits in a 

population conserved in isolation from its predators.  
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Figure 7.1. An insurance population of northern quolls (Dasyurus hallucatus) rapidly lost their ability to recognise 

and avoid an important natural predator—the Australian dingo—after being conserved on a predator-free 

‘island ark’. Photo: Lachlan Gilding. 

 

How would such selection arise? In the haven, because there was no top-down 

regulation by predators, the quoll population grew fast and overshot carrying capacity within 

4 years (Griffiths et al. 2017). Suddenly, this population found itself in a world in which 

predation vanished, and intraspecific competition for resources was the dominant force of 

natural selection. Here, behaviors that might save an individual from predation (vigilance, 

shyness, neophobia) are a clear disadvantage: an individual that restricts foraging time to 

protect against (absent) predators will be less competitive against an individual that pays no 

heed to predators. In such a world we should see selection act against antipredator traits. If 

correct, this mechanism is potentially a very general one; setting up a fundamental trade-off 

between competitive ability, and antipredator traits (Fig. 7.2a). In the case of havens, 

removal of predators relaxes the selection maintaining antipredator traits, but the 

demographic response to predator release (i.e., high conspecific density and resource 

competition) sets conditions such that antipredator traits are then actively selected against 

(Fig. 7.2b). The result is not so much relaxed selection in havens, as directional selection 

towards predator naivete. 
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Figure 7.2. The hypothetical relationship between competitive ability and antipredator traits in a predator-free 

world. If there is a trade-off between antipredator traits and competitive ability (a), then the removal of 

predators could result in increased intraspecific competition selecting for highly competitive individuals at the 

cost of antipredator trait maintenance. The relationship between fitness and competitive ability (i.e. the 

direction of natural selection) is strongly dependent on predator density (b).  

 

Alarmingly, this very scenario could be playing out globally across conservation 

havens (Hayward and Kerley 2009; Muralidhar et al. 2019). It is a common occurrence that 

populations in havens rapidly grow to high density, to the point that haven managers have 

the perverse problem of too many animals in the haven (Bannister et al. 2016). Such 

conditions may cause active selection against antipredator traits. Despite investing large 

amounts of conservation funding, we may have lost (or are fast losing) fundamentally 

important behavioral traits from our most threatened taxa.  

Fenced safe havens are financially costly to erect and maintain (Hayward and Kerley 

2009). The set-up costs of conservation fences vary dramatically between countries and 

landscapes, and according to the taxa intended to be isolated. Set-up costs of between US$8 

500–29 000/km of fence in Australia (Moseby and Read 2006; Ruykys and Carter 2019), and 

up to US$100 000/km (KRWSSC 1994; Hayward and Kerley 2009) in New Zealand have been 
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reported. Maintenance costs are variable, context-dependent and largely unknown but are 

required in perpetuity. The explicit objective of conserving endangered species in ‘havens’ is 

typically to lock them away until eradication of introduced predators on a landscape or 

national scale becomes viable (Ringma et al. 2018). The situation in predator-free haven 

populations, however, may also cause populations to lose responses to native predators with 

which they co-evolved (Jolly et al. 2018a). So, unless the ultimate aim is to remove all 

predators (invasive and native) from the landscape prior to reintroduction, we must ensure 

that there are policies enacted to mitigate the loss of important antipredator traits from 

havened populations. Without such management, threatened species, once conserved in 

isolation from predators, may require this level of human intervention forever.  

Globally, we face an accelerating extinction crisis. In many cases in situ conservation is 

difficult, if not impossible. Isolationist conservation measures, where threatened species are 

removed from the threatening process, are often necessary to halt the extinction of the most 

critically endangered species. Thus, predator-free ‘havens’ are becoming increasingly utilized 

as biodiversity becomes more imperiled and our ability to ameliorate threats lag behind. A 

greater mechanistic understanding of how evolution drives the loss of antipredator traits 

may provide tools that improve our ability to conserve threatened species in havens without 

stymying their ability to return to the wild. By maintaining some level of controlled predation 

pressure from appropriate predatory archetypes (Blumstein 2006; Moseby et al. 2016, 2019; 

Carthey and Blumstein 2018; Blumstein et al. 2019) in havens, we may maintain top-down 

control and prevent rapid transition to systems dominated by bottom-up pressures in which 

invaluable antipredator traits are selected against (Fig. 1b). Alternatively, if the loss of 

antipredator traits is driven by intraspecific competition, reducing competition may be an 

alternative or complementary means of avoiding rapid antipredator trait loss in havens (Fig. 

7.2a,b). Thus, population culling to prevent breaching carrying capacities or supplemental 

feeding to reduce the strength of intraspecific competition may alleviate some of the 

selective pressure acting on endangered species in safe havens (Moseby et al. 2016).  

Clearly, if we are to continue to conserve endangered species away from their 

threatening processes—threats which we may never have means of eradicating—we need to 

consider evolutionary processes which may be acting on havened populations to ensure 
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these populations are one day capable of being freed from active conservation interventions. 

In the long-term, without careful planning and a significantly increased consideration of 

evolutionary processes acting on predator-free populations, safe havens may ultimately 

prove to be as significant a threat to endangered species as the threats they were intended 

to protect against. Integration of evolutionary theory into conservation havens is clearly 

warranted if we are to ensure that havens do not become expensive features of the 

conservation landscape into which threatened species are relegated in perpetuity.    
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Appendix I. Supplementary material for Chapter 3 

 

Methods 
 

S1: Quoll origin 

 

In this study we measured the antipredator responses of northern quolls (Dasyurus 

hallucatus) from three populations. Australian mainland quolls were wild-caught from two 

populations in North Queensland: Mareeba Wetlands Tropical Savanna and Wetland Reserve 

(-16.926, 145.360) and Melaleuca Crocodile Farm (-16.935, 145.398), Biboohra, Queensland 

and South Endeavour Station (-15.46, 145.05), South Endeavour Trust, Cooktown, 

Queensland (Kelly and Phillips 2017). Quolls from this region of North Queensland declined 

severely after the introduction of cane toads (Rhinella marina) and have only recently started 

to recover from the impacts of this toxic invader (Woinarski et al. 2008; Kelly and Phillips 

2017). Island quolls were wild-caught from Astell Island (-11.884, 136.418), East Arnhem 

Land, Northern Territory. In 2003, this island population of quolls was established by 

translocating 45 quolls from the Northern Territory mainland because of concerns that quolls 

would suffer local extinctions and or loss of genetic diversity after the arrival of cane toads. 

The founders of this population came from Darwin River Dam (n = 12), East Alligator—Kakadu 

National Park (n = 14), Hayes Creek (n = 5), Humpty Doo (n = 10) and Litchfield National Park 

(n = 4; Cardoso et al. 2009). Extensive monitoring of Astell Island quolls showed that the 

population grew very rapidly for the first four years (peaking beyond carrying capacity in 

2006 at an estimated 3640 females [CI95%3022–4257]), before declining between 2006-08 

and stabilising between 2008-14 (Griffiths et al. 2017). By 2014, the population of female 

northern quolls on Astell Island was estimated at 2193 (CI95% 1920–2467; Griffiths et al. 

2017). In 2016, we captured quolls from Astell Island and North Queensland (Biboora and 

Cooktown) for breeding at the Territory Wildlife Park, Berry Springs, Northern Territory. At 

the time of collection, there was no difference in the mass of female quolls from mainland 

and island populations (358.42 ± 17.11g vs. 390.18 ± 32.11g; t16 = -0.87, p > 0.05). However, 

male quolls from Astell were substantially poorer in body condition than were male mainland 

quolls (366.24 ± 23.55g vs. 708.03 ± 25.72g; t29 = -9.80, p < 0.001), suggesting competition 
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for food on Astell Island may have been significant. By early 2017, there were cohorts of wild-

caught, adult quolls, as well as their captive-born, adult offspring.  

 

S2: Predator-free Astell Island 

 

Astell Island was determined to be almost entirely quoll predator-free based on record data 

collected from extensive flora and fauna surveys of the island prior to the release of quolls in 

2003 (Woinarski et al. 1999). There are no mammalian predators on the island, nor are there 

any avian or reptilian predators that would constitute a significant and/or sustained 

predation threat to northern quolls.  

There are records of four raptors on Astell island: brown falcons (Falco berigora; 

generalist hunter); brown goshawks (Accipiter fasciatus; a bird and lizard specialist); eastern 

ospreys (Pandion cristatus); and white-bellied sea eagles (Haliaeetus leucogaster; both fish 

specialists). Three (A. fasciatus , P. cristatus and H. leucogaster) of the four species are known 

to only rarely eat mammalian prey in northern Australia (Debus 2012). The mammalian prey 

consumed by these raptors is almost entirely constituted by diurnal species (rabbits and 

hares [absent from northern Australia]) and/or as carrion (Debus 2012). Additionally, since 

they are all diurnal hunters and quolls are nocturnal, they are unlikely to encounter quolls as 

prey. 

The most likely avian predator guild that would prey on quolls on Astell is certainly 

nocturnal raptors, such as owls. There are no records of owls on Astell, and since the island is 

almost entirely rocky and lacks tall trees and dense vegetation (Woinarski et al. 2000), it is 

unlikely that any of the large owls of Northern Territory mainland would occur there with 

regularity. Across the Arnhem Coast bioregion, barn owls (Tyto delicatula; common), masked 

owls (Tyto novaehollandiae; very rare to near absent) and eastern grass owls (Tyto 

longmembris; very rare to near absent) are denizens of open woodlands and grassland 

(Menkhorst et al. 2017), and are very unlikely to occur on Astell. Rufous owls (Ninox rufa; 

rare on Arnhem Coast) prefer tall rainforest and/or dense monsoon vine thicket (Menkhorst 

et al. 2017) and this species is, therefore, unlikely to occur on Astell. Barking owls (Ninox 

connivens) are very rarely recorded across the Arnhem Coast bioregion and are suspected to 
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be absent from Astell. This species prefers to hunt in open woodland/grassland and roosts in 

dense riparian vegetation, both sparse to absent on Astell (Woinarski et al. 2000). Although 

not recorded on Astell, southern boobooks (Ninox boobook) have been recorded on nearby 

islands and mainland, and it is quite possible they occur on Astell. Since boobooks are 

Australian’s smallest owl species, they are unlikely to prey on anything as large as a northern 

quoll. Invertebrates make up the vast majority of their diet, with small vertebrates (e.g. 

rodents and geckoes) only being rarely taken (Penck and Queale 2002). 

There are no records of any snake species from Astell Island. Snakes are, however, 

notoriously difficult to detect during fauna surveys. Despite that, there are numerous records 

of other more cryptic reptilian species found during active nocturnal searches of Astell 

(Woinarski et al. 1999). We suspect that large pythons capable of preying on quolls, such as 

olive pythons (Liasis olivaceus) or carpet pythons (Morelia spilota), would likely have been 

detected in these fauna surveys if there were indeed present on Astell. There are two records 

of yellow-spotted monitors (Varanus panoptes) on Astell. While a large predatory varanid, 

Varanus panoptes tend to be more scavenger than active predator, rarely hunting down and 

consuming mammalian prey (Richard Shine 1986). They gain most of their sustenance from 

raiding sea turtle nests and scavenging carrion in coastal areas of the Northern Territory 

(Blamires 2004). Additionally, they tend to be wanderers of the open plains and beaches 

rather than rocky boulders and escarpments (Richard Shine 1986; Christian et al. 1995). We 

cannot, however, rule out the possibility that V. panoptes may predate on young quolls 

during denning. The likelihood of this being a substantial predation pressure on quolls on 

Astell Island is significantly reduced by the fact that V. panoptes are almost entirely inactive 

during the late dry season while quolls are denning young (Blamires 2004). Additionally, 

quolls only leave their young undefended in their den during nocturnal foraging, a period 

when goannas are never active.   

 

S3: Husbandry of northern quolls at the Territory Wildlife Park 

 

All northern quolls were maintained individually in banks of aviary enclosures at the 

Territory Wildlife Park, Berry Springs, Northern Territory (-12.715, 130.986). These enclosures 
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were designed and built specifically for the Wildlife Park’s northern quoll breeding program. 

Quoll enclosures were of varying size but were typically 2m x 4m x 2.5m (width, depth and 

height). Quolls of the same sex were never housed in adjoining enclosures by alternating the 

placement of males and females. All enclosures were situated within the quarantine area of 

the wildlife park, which is bordered by 3m toad-proof boundary fence. There are a number of 

other threatened marsupials and rodents maintained in this area, but their enclosures are 

isolated from the quoll enclosures. Quolls were fed a varied diet including whole mice, small 

whole fish, crickets, mealworms, dry dog food and various fruits. All experiments were 

conducted in a bank of 10 aviary enclosures that were isolated from the quoll’s home 

enclosures. Quolls were moved, along with their hide box from their home enclosure, to 

experimental enclosures two nights prior to the trials. Between trials experimental 

enclosures were thoroughly washed and disinfected.   

 

S4: Giving-up Density experiment 

 

The antipredator responses of all individual quolls to predator scents were tested 

independently using a giving-up density (GUD) experiment at the Territory Wildlife Park 

between January and April 2017. An opening in the top of each GUD box was fitted with a 

predator fur-filled fly-mesh collar. Collars were filled with either dingo fur, cat fur or no fur 

(control; Fig. S3.1). Fur was used as an olfactory cue instead of predator secretions because it 

provides a more reliable cue of immediate predator presence (Apfelbach et al. 2005). Dingo 

fur was sourced from an adult male and adult female dingo (Canis familiaris dingo). Both 

dingoes were captive animals, which were rescued from the wild as puppies. Fur was 

collected by shaving it directly from the dingoes immediately prior to each experimental 

round. Fur from both dingoes was combined and used in each experimental round. Cat (Felis 

catus) fur was collected from a range of male and female, domestic and feral cats (n » 15). 

Cat fur was collected by vets from The Ark Animal Hospital during routine procedures that 

required fur to be shaved from cats. Fresh cat fur was collected, and all sources combined, 

prior to the commencement of each experimental round. We went to great lengths to avoid 

contamination of scents, collars were prepared in separate rooms prior to each trial and each 

collar was only used once. The antipredator responses of each quoll were video recorded 
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(GoPro HERO) for the first 2 hours of each night. These scored responses include: order 

(which scent was encountered and eaten from first vs. last); latency to investigate each box 

(seconds); time spend investigating each box before entering (seconds); time spend eating 

from/digging in each box (seconds); number of returns to each box; whether quolls retreated 

immediately after encountering each box; time spent in open areas of the enclosure 

(seconds); time spend invested in vigilance behaviours (seconds); number of times quolls 

retreated to hide box; time spent pacing enclosure (seconds). Although, most of these 

behaviours showed the same patterns of aversion to predator-scent by mainland quolls and 

indifference by island quolls, only the most obvious were required to demonstrate this (see 

Chapter 3).  

 

 

Figure S3.1. Giving-up density boxes. Each quoll was provided with three boxes, each of which had a predator-

scented or control collar lining the inside of their access holes. Inside each box was 2L of wood shavings and 10 

mealworms.  

 

S5: Data analysis 

 

All analyses were performed using R with the lme4 software package. All figures were 

created using R with the ggplot2 software package (R Core Team 2018).  
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Results 
 

S6: Risk ratios 

 

Mealworms in a control box were 1.62 times more likely (relative risk, 95% confidence 

interval [1.52, 2.92]) to be eaten by a wild-caught mainland quoll than mealworms in a cat-

scented box. Comparatively, mealworms in a control box were 1.07 times more likely (CI95% 

[1.03, 1.23]) to be eaten by a captive-born mainland quoll than mealworms in a dingo-

scented box (Fig. S3.1). Other risk ratios are presented in the main results (see Chapter 3). 
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Discussion 
 

S7: Could genetic bottlenecking and drift of the island quolls explain the loss of antipredator 

behaviour? 

 

Recent SNP genotyping of quolls (n = 98), many of which were used in these experiments—

collected from Biboora, Cooktown and Astell Island—has allowed us to discount this as the 

most parsimonious explanation for our results. Quolls from Astell Island were found to have 

twice the heterozygosity (He = 0.160) of those from North Queensland populations (He = 

0.069 ; E. Kelly, unpub. data). This suggests that despite North Queensland quolls exhibiting 

much lower genetic diversity (possibly a result of populations declining to near extinction due 

to the arrival of toads; Woinarski et al. 2008), this has not caused the loss of antipredator 

behaviours. It is, therefore, considered unlikely to have affected a loss of antipredator 

behaviours in Astell Island quolls.   

 

S8: Could limited evolutionary exposure to these mammalian predators explain the rapid loss 

of antipredator behaviours in Astell Island northern quolls?  

 

It has been suggested elsewhere (Blumstein 2002; Orrock 2010) that the long-held predator 

aversion traits may be less evolutionarily labile than traits which have been selected for more 

recently. This highlights an interesting facet of the current study. Both of the predators 

whose scents we tested were, in evolutionary time, recent emigrants to Australia. Dingoes 

arrived in Australia with people as recently as 3500 years ago (Letnic et al. 2014). Domestic 

cats arrived in Australia with Europeans in the late 1700s, though their establishment 

through the range of northern quolls may have been as recent as 130 years ago (Abbott et al. 

2014). The relatively brief evolutionary exposure to these predators may explain why 

aversion to these predators remains labile: some genetic variation for aversion behaviour still 

persists. But 3500 generations is still a long time; certainly sufficient for purifying selection to 

completion. More likely, then, the nature of selection on behavioural predator aversion is 

diversifying: if all prey exhibit the same behaviour, predators may simply learn or evolve 
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countermeasures that make all individual prey vulnerable (Dawkins and Krebs 1979; Sih 

1984). Future studies investigating loss of predator aversion on islands could test these 

contentions by including predator-prey combinations representing a range of co-evolutionary 

depths.  
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Appendix II. Supplementary material for Chapter 5 
 

Methods 
 

 

Figure S5.1. Mean proportion (±S.E.) across all sites of new melomys/total captures each trapping night 

between the two trapping occasions (sessions).  

 

R code for power analysis simulation  

 

rm(list=ls()) 

 

library(readxl) 

 

d<-read_excel("dat/melomys_markrecapture.xlsx", sheet = "Open_field_trials") 

d<-subset(d, is.na(d$trial) | d$trial==1) 

d<-d[!is.na(d$boldness_indice),] 

 

N_c <- d$N_c 
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N_T <- d$N_T 

resp <- cbind(N_c, N_T-N_c) 

d$boldness_indice<-scale(d$boldness_indice, scale = FALSE) # mean centre the predictor 

 

m1 <- glm(resp~boldness_indice, data=d, family="binomial") 

 

summary(m1) 

 

# predictor function 

predFun<-function(xVec, b, mu){ 

  mu+b*xVec 

} 

 

# inverse logit 

invLog<-function(x){exp(x)/(1+exp(x))} 

 

# simulates data given b.  Assumes constant number of trap nights (nTrials) for each 

individual  

simFun<-function(xVec, nTrials, b, mu){ 

  respLogit<-predFun(xVec, b, mu) 

  respP<-exp(respLogit)/(1+exp(respLogit)) 

  respP<-rbinom(n = length(respP), size = nTrials, prob = respP) 

  cbind(respP, nTrials-respP) 

} 

 

xVec<-d$boldness_indice 

nTrials<-4 # trap nights.   

mu<-coef(m1)[1] 

 

#example analysis on sim data 

respSim<-simFun(xVec, nTrials, b = 0, mu) # an example of simulated data 

mSim<-glm(respSim~boldness_indice, data=d, family="binomial") 
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summary(mSim) 

 

# The full deal... 

simReps<-10000 # number of reps at each effect size 

effSize<-seq(0, 0.4, 0.01) # vector of effect sizes 

pwr<-rep(NA, length(effSize)) # somewhere to put output 

 

for (jj in 1:length(effSize)){ 

  # loop to make simRep datasets, and run the analysis each time and record p-value each 

time 

  pVal<-rep(NA, simReps) # somewhere to temporarily hold results 

  for (ii in 1:simReps){ 

    respSim<-simFun(xVec, nTrials, b = effSize[jj], mu) # simulated data 

    mSim<-glm(respSim~boldness_indice, data=d, family="binomial") 

    pVal[ii]<-summary(mSim)$coefficients[2, "Pr(>|z|)"] 

  } 

  # what proportion were significant? 

  pwr[jj]<-sum(pVal<0.05)/simReps 

} 

 plot(pwr~effSize, xlab="Effect Size", ylab = "Power") 

 

 

 # what does a given effect size mean in terms of difference in detection probability between 

0-3? 

 exampB<-0.21 #example effect size 

 dP0<-invLog(predFun(-1.5, exampB, mu)) 

 dP3<-invLog(predFun(1.5, exampB, mu)) 

  

  

 workItOut<-approxfun(x = pwr, y = effSize) 

 workItOut(0.8) 
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 ##Plot for Publication 

 PowerPlot<-data.frame(pwr, effSize) 

  

 power_figure <- ggplot(PowerPlot, aes(x=effSize, y=pwr)) + 

   geom_point(colour="black", size = 2.5) + 

   geom_line(aes(x=effSize, y=pwr), size=0.4, linetype=2, y=0.8) + 

   #geom_line(aes(x=effSize, y=pwr), size=0.4, x=0.19) + 

   geom_line(aes(x=effSize, y=pwr), size=0.5, linetype=2, colour="grey") + 

   theme_bw() +   

   theme(axis.title = element_text(size=18)) + 

   theme(axis.title.y=element_text(margin=margin(0,20,0,0))) + 

   theme(axis.title.x=element_text(margin=margin(20,0,0,0))) + 

   theme(axis.text = element_text(size=13)) + 

   scale_y_continuous(limits=c(0,1), breaks=c(0,0.2,0.4,0.6,0.8,1))+ 

   labs(x = "Effect Size", y= "Power") + 

   theme(panel.grid.major = element_blank(), panel.grid.minor = element_blank()) 

  

 power_figure 

  

 # output to pdf 

 currentdate <- Sys.Date() 

 pdfilename <- paste("out/boldness~detection",currentdate,".pdf",sep="") 

 pdf(file=pdfilename, width=8, height=5) 

 power_figure 

 dev.off() 

 


