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Cultural sensitivity warning 
 
Indigenous and Torres Strait Islander readers, please be advised that this thesis contains images 
of bush stone-curlews.  
 
Language names include: warabin (Ngunnawal), guriban (Wiradjuri), welo (Barngarla), weelo 
(Kuyani), weerloo (Kokatha), wilu (Pitjantjatjara and Yankunytjatjara), willoo (Wongkanguru), 
willuru (Diyari), weerdoo or wirroo (Narungga), wayayi (Tiwi), wirntiki (Warlpiri), ngamirliri 
(Warlpiri), wilangu (Yandruwandha), wilyuru (Ngamnei), wiliaru or moolyerra (Arrernte), 
wudlaru (Ngadjuri), eungie or wula or dibala (Juru), and kwil (Noongar).  
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Abstract 

 

Reintroduction is an important conservation intervention used to restore species and their 

ecological functions within their former range. Reintroduction success relies on the appropriate 

selection of tactics and strategies tailored to the species and recipient ecosystem; however, 

sufficient ecological knowledge is not always available, particularly for poorly studied, cryptic 

and refugee species. This challenge can be overcome by using adaptive management, a framework 

which enables ‘learning by doing’. 

This thesis provides a case-study using an initial reintroduction to inform tactic selection for 

future translocations. Warabin (Burhinus grallarius) have declined substantially in southern 

Australia due to habitat loss and predation by feral predators (largely foxes, Vulpes vulpes) and 

now occupy a subset of their former niche. They have been successfully reintroduced to a fenced 

reserve, Mulligans Flat Woodland Sanctuary (MFWS), which provides an opportunity to assess 

their habitat requirements and movement behaviours.  

Founders and residents (founders released in previous years and their offspring) were fitted 

with GPS backpacks. Founders were wing-clipped to prevent dispersal over the fence. GPS data 

was used to calculate home-ranges, dispersal, and to develop a maximum entropy (maxent) 

species distribution model of warabin habitat use.  

Warabin habitats were partitioned into roosting habitat, characterised by cover (30-40% 

overstory, >5% understory and hill slopes), and foraging habitat, characterised by food-related 

features (live green vegetation, deep soils and proximity to water). Roosting habitat required more 

specialised features than foraging habitat, and these habitat features can be remotely-sensed to 

select future sites for warabin release. Founders were more likely to survive to 3-months if they 

moved further away from the release site (but remained within MFWS), and had decreasing home-

range sizes over time. Whilst founders stayed in the sanctuary, residents flew outside the 

sanctuary to forage on 50% of days, demonstrating that they can use novel-habitat (agricultural 

land and urban areas) and coexist with foxes. The estimated carrying-capacity for MFWS is 90-

100 pairs, and when this carrying-capacity is reached, MFWS could be used as a source 

population for future translocations.  

This study demonstrated that an initial translocation can be used to gather critical ecological 

knowledge to inform future attempts, and species distribution modelling can aid this process. 

Rather than waiting until ‘enough’ is known about a species or recipient ecosystem, embarking 

on a translocation and applying learnings ‘on the fly’ can improve reintroduction outcomes. By 

using an adaptive management framework in such conservation projects this study has shown the 

potential to increase success in reversing loss of species and their functions and restore 

biodiversity.  
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Glossary 
Anthropogenic: caused by human activity. 

Bioturbation: soil turnover by living organisms. 

Coarse woody debris: fallen dead trees and branches. 

Conspecific: belonging to the same species. 

Covariate: explanatory variable of the dependent variable in mathematical modelling. 

Cryptic: adopting behaviours or physiology (e.g. colours and markings) to reduce 

detectability  

Extirpated: extinct in a subset of former range, such as from a country or region. 

Founder: a translocated individual. 

Keystone species: species that have a disproportionately large effect on their environment, 

where their ecosystem functions shape the environment in which they live. 

Mesopredator: a mid-ranking predator, which itself is predated by apex predators. 

Niche: the set of biotic and abiotic conditions that confine a species’ distribution. A 

fundamental niche is the full range of conditions that could be physiologically tolerated. A 

realised niche is the set of conditions that are actually used after interactions with other 

species limit the fundamental niche.  

Taxa: taxonomic grouping. 

Trophic: relating to an ecological food-web.  

 
Illustration by Rachael Robb of warabin (Burhinus grallarius) 
adopting camouflaged posture amongst debris 
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 Introduction 

 

1.1 Context 
Reintroduction is the intentional translocation of a species from one location to another from 

which it had been extirpated (IUCN/SSC, 2013). This conservation intervention can be used to 

prevent extinction by establishing new populations and creating complex meta-population 

structures, which are more resilient to extinction (McCullough, 1996; Armstrong, 2005; Butchart 

et al., 2006; Akcakaya et al., 2007). Beyond their use in single-species interventions, 

reintroduction can be used for restoration purposes (Lipsey and Child, 2007; Watson and Watson, 

2015). For example, the reintroduction of digging mammals also restores their ecosystem 

engineering role in bioturbation (James and Eldridge, 2007; Fleming et al., 2014; Munro et al., 

2019; Ross et al., 2019a). However, the recognisable field of reintroduction biology is still in its 

infancy, having only developed in the late 20th century (Seddon et al., 2007), and is hindered by 

an absence of commonly accepted metrics to assess performance, lack of benchmarking across 

projects, and issues standardising what is monitored, documented and reported (Armstrong and 

Seddon, 2008; Sutherland et al., 2010; Sheean et al., 2012; Seddon, 2015). Consequently, the 

failure rate remains high; at least half of documented projects fail (Fischer and Lindenmayer, 

2000; Sheean et al., 2012). 

 

Reintroduction practitioners are being encouraged to adopt experimental frameworks that 

allow clear testing of hypotheses to improve outcomes (Seddon et al., 2007; Swaisgood, 2010; 

Sheean et al., 2012; Batson et al., 2015b). A field-proven framework for structuring translocations 

is the use of strategies and tactics in an adaptive management framework (Batson et al., 2015a; 

Batson et al., 2015b; Wilson et al., 2020). Adaptive management is a formal framework for 

‘learning by doing’, where elements of the management plan are systematically improved using 

lessons learnt from well structured monitoring (Canessa et al., 2016; Wilson et al., 2020). 

Strategies are the defined objectives used to select tactics, and tactics are techniques used to 

improve post-release performance and population persistence (Batson et al., 2015b). Tactics 

concerning habitat quality are particularly important for translocation success in Australia, as has 

been emphasised by several authors (Wolf et al., 1996; Fischer and Lindenmayer, 2000; Seddon 

et al., 2007; Sheean et al., 2012; Stadtmann and Seddon, 2018). Tactics need to be tailored to both 

the study species and site (Moseby et al., 2014); however, knowledge of the species and recipient 

ecosystem are often incomplete (Walters and Holling, 1990; McCarthy et al., 2012; Canessa et 

al., 2016). Threatened species usually occupy fragments of their former range, which makes it 

difficult to obtain meaningful information on their spatial ecology prior to reintroduction 
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(Massaro et al., 2018; Abicair et al., 2019). Where a species’ ecology is poorly understood, the 

initial release can be used to gain missing knowledge and subsequently used to adapt the 

translocation tactics (van Heezik et al., 2009; Westgate et al., 2013; Canessa et al., 2016). 

1.2 Case study: reintroduction of warabin 
This thesis examines the reintroduction of the bush stone-curlew (Burhinus grallarius; 

Figure 1) to a predator-proof sanctuary in south-eastern Australia. The bush stone-curlew used to 

be distributed across most of the Australian continent but has declined in the southern half of their 

range, and are now extirpated from parts of Victoria, New South Wales (NSW), Western Australia 

(WA) and South Australia (SA). The bush stone-curlew became extinct in the Australian Capital 

Territory (ACT) in the early 1970s, likely due to habitat loss and feral predators (particularly the 

red fox, Vulpes vulpes; Marchant and Higgins, 1993). The loss of a species from an area not only 

removes it from the ecological community but also removes it from Country and thereby the 

connection to Indigenous people. This represents a profound loss to Indigenous people, because 

of their deep cultural and spiritual obligations to land, water and their fauna (Strelein et al., 2018). 

Likewise, the reintroduction of a species restores it to Country, even when the primary aim of a 

project is ecological restoration (Ireland et al., 2018). In recognition of this important social 

element of reintroduction, the bush stone-curlew will be henceforth referred to by their 

Ngunnawal name ‘warabin’ in this thesis. 

 

There has been substantial conservation interest in warabin, driven primarily by landholders 

in southern Australia who have witnessed their local extinction in recent decades. As such, eight 

conservation translocation projects of warabin have been attempted. So far, only one has been 

successful, with surviving founders, breeding, and population persistence: the reintroduction at 

Mulligans Flat Woodland Sanctuary (MFWS). Their cryptic nature also presents a challenge to 

post-release monitoring, and subsequently it is hard to assess the causes of reintroduction failure 

or success. Given habitat quality is a critical factor in translocation success (Sheean et al., 2012), 

it is essential that the poorly-known habitat requirements for warabin are better understood. 

Warabin are now only common in tropical Australia, in which their habitat requirements and 

spatial ecology are different from those in temperate southern Australia (Marchant and Higgins, 

1993). Furthermore, their current distribution in southern Australia is a poor indicator of their real 

habitat preferences, given their realised niche is confined by predation pressures, habitat change, 

and small population dynamics (Seddon, 2012). Therefore, the reintroduction of warabin at 

MFWS provides an ideal opportunity to assess their realised niche in the absence of the 

confounding factors. It is likely that reintroduction outcomes for warabin will not improve until 

this knowledge is incorporated into reintroduction design.  
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1.3 Thesis aims and hypotheses 
The aim of this study is to improve warabin reintroduction outcomes by building a better 

understanding of how their spatial ecology relates to reintroduction success. This involves the 

assessment of multiple reintroduction tactics: environmental selection and pre-conditioning, 

managed dispersal, and population size. Ultimately, the aim of all reintroductions at MFWS are 

to establish species “beyond the fence” to restore biodiversity at the  landscape-level. Determining 

the optimal reintroduction tactics at MFWS will inform future efforts beyond the fence. 

 

In this thesis, I ask: how do reintroduced warabin behave in time and space?  

I addressed this guiding question with the following sub-questions: 

1. What are the environmental features that need to be selected or pre-conditioned to improve 

warabin reintroduction outcomes? 

2. How do post-release movement behaviours of reintroduced warabin relate to survival? 

3. What is the approximate carrying-capacity for warabin in MFWS? 

 
Firstly, habitat selection and pre-conditioning are important tactics that help improve 

reintroduction success (Batson et al., 2015b). I hypothesise that warabin will have spatially 

distinct roosting and foraging habitats, and there will be a maximum tolerated distance between 

these habitats. Also, I hypothesise roosting habitat will be characterised by cover (from predators 

and inclement weather) whereas foraging habitat will be characterised by habitat features 

associated with food resource availability.  

 

Secondly, post-release movement behaviours mediate how warabin use the available habitat. 

The current guiding strategy for selection of tactics for warabin at MFWS is to minimise dispersal, 

particularly to discourage them from dispersing over the fence where the threat posed by foxes 

cannot be controlled. I hypothesise minimised dispersal (reduced distance from the release site 

and smaller home-ranges) will improve survival.  

 

Lastly, knowing how many warabin MFWS can support will help determine how many more 

releases are required, which is an important consideration for long-lived birds (Morandini and 

Ferrer, 2017). Furthermore, when the MFWS population reaches its carrying-capacity, it can be 

used as a seed population for future translocations of warabin elsewhere. 
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1.4 Thesis structure 
Chapter 2 – I review the literature on reintroduction biology, with particular reference to 

experimental frameworks. I describe warabin ecology, their conservation status and review 

previous reintroduction attempts.  

Chapter 3 –  Research design and methods. 

Chapter 4 – Results. 

Chapter 5 – I discuss the implications and limitations of the results. I also provide 

recommendations for future releases of warabin and future research directions. 

Chapter 6 – Concluding remarks. 

 

 

 

Figure 1: Warabin illustration by Emily Birks, artist in residence at 
Mulligans Flat Woodland Sanctuary 
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 Literature review 

 

This chapter begins by reviewing the literature on reintroduction biology. I introduce the 

theoretical framework of strategies and tactics, a recent development in the theory of 

reintroduction biology (Batson et al., 2015b). I then review how spatial information is used to 

inform tactic selection.   

In the latter half of this review, I introduce the case study species of this thesis: the warabin. 

There have been seven previous reintroductions for this species, with this thesis documenting the 

eighth known project. I review these previous reintroductions using the Translocation Tactics 

Classification System (TTCS; Batson et al., 2015b).  

2.1 Reintroduction biology 
“We are heading towards a situation where there are more lemons than lemonade, and we 

need to recognize this and determine what to do with these lemons.” 

 (Hobbs et al., 2006; page 5) 

2.1.1 Conservation 
Conservation science arose from the recognition that biodiversity is inherently valuable and 

provides essential ecosystem functions which need to be conserved (Costanza et al., 1997; 

Barnosky et al., 2012). Biodiversity is currently threatened by extensive anthropogenic landscape 

modifications, such as widespread clearing for agriculture and climate change (Thuiller et al., 

2004; Fischer and Lindenmayer, 2007; Steffen et al., 2007; Dawson et al., 2011; Urban, 2015; 

Newbold et al., 2016). Extinction rates are currently several orders of magnitude greater than 

background rates (Pimm et al., 1995; Woodruff, 2001) and without intervention over 10% of all 

known species are forecasted to become extinct in the near future, many within decades 

(Bongaarts, 2019). In line with this global trend, Australia is facing a biodiversity crisis fuelled 

by multiple stressors, particularly habitat loss and introduced species, all of which is compounded 

by climate change (Burbidge and McKenzie, 1989; Dickman, 1996; Ceballos and Ehrlich, 2002; 

Barnosky et al., 2012). Nearly 40% of Australia’s native vegetation has been cleared since 

European colonisation, and that which remains is highly fragmented (Bradshaw, 2012). Some 

ecological communities have been disproportionately affected, such as box-gum grassy 

woodlands of which 92% has been cleared (Threatened Species Scientific Committee, 2006). At 

least 100 species have become extinct in Australia in the last 230 years, of which two-thirds of 

mammal extinctions and half of bird extinctions were driven by feral cats (Felix catus) and red 

foxes (Woinarski et al., 2017; Woinarski et al., 2019). These statistics read as a dire clinical 
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eulogy to “wild” Australia, and whilst conservationists have documented these losses, precious 

little has been done to remedy the situation. 

 

It is assumed that conservationists are generally preoccupied with responding to 

emergencies, given the magnitude and immediacy of threats facing biodiversity (Rodrigues, 2006; 

Tittensor et al., 2014). However, conservationists are not often searching for solutions; instead, 

nearly half (43%) of conservation literature merely describes the state of nature (Williams et al., 

2020). The discipline needs to shift towards identifying mechanisms and drivers, then designing, 

implementing and assessing interventions (Hobbs et al., 2011; Williams et al., 2020). More needs 

to be done to protect and restore biodiversity.  

 

2.1.2 Reintroduction 
Reintroduction (also sometimes called re-establishment, restocking or rehabilitation) is a 

conservation intervention that involves the intentional translocation (also called relocation and 

transplanting) of a species from one location to another from which it had been extirpated 

(Seddon, 2010; IUCN/SSC, 2013). Other forms of translocation include supplementation 

(movement of individuals to replenish an extant population; or restocking), assisted colonisation 

(movement of a species outside its indigenous range), and ecological replacement (replacement 

of an extinct species with a related counterpart or species that provides the same lost function 

(Seddon, 2010). Reintroduction can help prevent extinction (Butchart et al., 2006), but its role 

goes beyond single-species effects and can be used to create change at multiple scales (R. Towns 

et al., 1997; Corlett, 2016). Ecosystem functions provided by a reintroduced species can be used 

for restoration purposes (Lipsey and Child, 2007; Watson and Watson, 2015), especially when 

keystone species are reintroduced (Law et al., 2017; Hale and Koprowski, 2018). For instance, 

the reintroduction of digging mammals also restores their ecosystem engineering role in soil 

turnover (Fleming et al., 2014). For example, eastern bettong (Bettongia gaimardi) diggings 

moderate soil temperature ranges by up to 25°C compared to the soil surface, and provide a 

germination niche that is stronger for native than invasive species (Ross et al., 2019a; Ross et al., 

2019b). Likewise, quenda (Isoodon fusciventer) diggings halve the surface fuel load and therefore 

reduce the rate of fire spread (Ryan et al., 2020). Reintroduction can also result in cascading 

effects throughout the ecosystem, the classic example of which is the reintroduction of wolves 

(Canis lupus) into Yellowstone National Park (Ripple and Beschta, 2012). Secondary benefits 

include public education and engagement in conservation, and cultural benefits such as 

reconnection of species to indigenous culture or local cultural heritage (IUCN/SSC, 2013; 

Moehrenschlager et al., 2013; Ireland et al., 2018). 
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Despite the popularity and increasing prevalence of reintroduction, many projects fail 

(Fischer and Lindenmayer, 2000; Armstrong and Seddon, 2008; Sheean et al., 2012). The most 

recent review of Australian reintroduction projects found approximately half (25/54) were 

successful (Sheean et al., 2012), but this is likely an overestimation due to the publication bias 

towards successful projects (Miller et al., 2014). Furthermore, there is no accepted standard for 

success criteria in reintroduction projects and therefore self-assessments cannot be directly 

compared (Sutherland et al., 2010; Seddon, 2015).There are signs that reintroduction success is 

increasing over time, with the maturation of the discipline and development of best practice 

(Seddon et al., 2007; IUCN/SSC, 2013). The rate of reintroduction success improved from 33% 

(1/3) in the 1970s to 56% (5/9) in the 1980s, biases notwithstanding (Fischer and Lindenmayer, 

2000). Likewise, the rate of translocation success in New Zealand improved from 15% (10/64) in 

the 1960s to 66% (98/148) in the 2000s (Miskelly and Powlesland, 2013). It must be remembered 

that reintroduction biology is a crisis-discipline, and although projects do occur in the absence of 

an emergency, usually reintroduction is deployed as an emergency response (Soule, 1991; Pullin 

and Knight, 2001), which is potentially too late to be successful.  

 

2.1.3 Strategies and tactics in reintroduction biology 
Strategy without tactics is the slowest route to victory.  

Tactics without strategy is the noise before defeat 

(Sun Tzu, The Art of War, c.500 BC) 

 

A major goal in reintroduction biology is to improve the success of translocations, especially 

given the high rate of failure (Fischer and Lindenmayer, 2000; Sheean et al., 2012). 

Reintroduction practitioners are being encouraged to adopt experimental frameworks that allow 

clear testing of hypotheses (Seddon et al., 2007; Swaisgood, 2010; Sheean et al., 2012; Batson et 

al., 2015b). Like any other conservation discipline, reintroduction needs to be evidence-based 

(Sutherland et al., 2004b; Taylor et al., 2017). The last two decades have seen a major shift in 

reintroduction biology from management-oriented species-releases to scientifically-managed 

ecological-experiments (Armstrong and Seddon, 2008; IUCN/SSC, 2013). The IUCN 

conservation translocation guidelines (2013; the current ‘best practice’ document) recommends 

using structured decision-making frameworks and scientific principles.  

 

A field-proven framework for structuring translocations is the use of strategies and tactics 

(Batson et al., 2015a; Batson et al., 2015b; Wilson et al., 2020). Strategies are the defined 

objectives used to select tactics, and tactics are techniques used to improve post-release 

performance and population persistence (Batson et al., 2015b). Strategies are designed to 

overcome challenges faced in a project; for example, if a species’ reintroduction fitness is 
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adversely affected by over-dispersal, then responding by implementing tactics to minimise 

dispersal is a good strategy (Wilson et al., 2020). Tactics can be animal-focused or environment-

focused. For example, behavioural-preconditioning (the intentional manipulation of behavioural 

traits pre-release, such as predator aversion or avoiding imprinting on humans) is a commonly 

used animal-focused tactic (Moseby et al., 2012; Reading et al., 2013; Shier et al., 2016; 

Blumstein et al., 2019; Tetzlaff et al., 2019). Likewise, augmentation of resources (for example, 

habitat features such as woody debris or hollows, or social markers such as scat) in the recipient 

environment is a commonly used environmental-focused tactic (Seddon, 2012; White et al., 2012; 

Ferrer et al., 2018). Batson et al. (2015b) summarised translocation tactics documented in the 

available literature into the Translocation Tactics Classification System (TTCS; Figure 2). The 

TTCS is a valuable resource for practitioners when planning a release because it assists in the 

assessment of which tactics may be beneficial. However, it is worth noting that the TTCS is 

tailored towards vertebrates, especially birds and mammals, and does not necessarily cover all 

available tactics for all taxa. 

 

The TTCS approach can be complemented by using adaptive management and trials (Wilson 

et al., 2020). Adaptive management is a formal framework for “learning by doing”, where 

elements of the management plan are systematically improved while the management plan is 

carried out (Walters and Holling, 1990; Westgate et al., 2013). Trials, unlike experiments, are 

often are uncontrolled and unreplicated, and are necessary due to the inherently small sample 

sizes involved when translocating threatened species (Kemp et al., 2015). Knowledge of the 

species and recipient ecosystem is often incomplete prior to a reintroduction (Walters and Holling, 

1990; McCarthy et al., 2012; Canessa et al., 2016), but practitioners can overcome this challenge 

by iteratively adapting a translocation project ‘on the fly’ across multiple trials. As such, 

information gathered throughout the translocation process should inform future management 

actions (Berger-Tal et al., 2011; Bennett et al., 2013a). 
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2.1.4 Environmental selection and pre-conditioning 
“The definition of habitat, or rather lack of it, is one of [our] chief blind spots” 

(Elton, 1966; page 62)  

Habitat quality has been consistently emphasised as paramount to reintroduction success 

(Wolf et al., 1996; Fischer and Lindenmayer, 2000; Sheean et al., 2012). This is particularly true 

in Australia, where habitat quality and predator control are the two most important contributing 

tactics to translocation success (Sheean et al., 2012). Environmental selection should be based on 

a discernible characteristic such as resource availability, threat abundance, or climatic suitability 

(Batson et al., 2015b). Additionally, environmental selection can be complemented by 

environmental pre-conditioning, which is the deliberate alteration or augmentation of the recipient 

ecosystem’s characteristics (Batson et al., 2015b). In practice, however, environmental selection 

is not straightforward, given baseline ecological knowledge is lacking for many species, 

especially when threatened. Past distributions are either poorly known or are no longer 

ecologically relevant, and current distributions may represent marginal habitat only occupied due 

to threatening processes (Kerley et al., 2012; Osborne and Seddon, 2012). This issue is 

compounded when working with cryptic species (in the visual sense, rather than the taxonomic 

sense), whose habitat requirements are hard to observe (Aubry et al., 2017), and with refugee 

species, which occupy fragments of their former niche (Cromsigt et al., 2012; Kerley et al., 2012). 

For example, critically endangered plains wanderers (Pedionomus torquatus) were only known 

to use bare ground with cryptogam cover, until GPS tracking revealed they used denser perennial 

grass cover for nesting and shelter (Antos and Schultz, 2019). Furthermore, most Australian 

ecological data has been collected since the 1960s; therefore little is known about species’ ranges 

prior to the ecological changes associated with European colonisation (Abicair et al., 2019). 

 
Species distribution models (SDMs) can be used to predict appropriate habitat, via statistical 

identification of the link between species observations and environmental covariates (Austin, 

2007). The advantage of using SDMs in translocation planning is that they present a spatially 

explicit, objective, and quantifiable method for assessing habitat (Elith and Leathwick, 2009). 

However, the application of SDMs for translocation is currently limited to species for which 

suitable ecological data are known; for example, readily surveyable species such as megafauna 

(Johnson et al., 2007), species that have been sampled across their entire range (Draper et al., 

2019), and charismatic species that attract citizen-science observations (Miranda et al., 2019). 

SDMs cannot be reliably used for species with insufficient records or refugee species (Cromsigt 

et al., 2012; Kuemmerle et al., 2012; Turvey et al., 2015). For example, European bison (Bison 

bonasus) used to occur across a range of habitats including woodlands and grasslands but have 

been pushed into marginal closed forest habitat due to human pressure. Consequently, SDMs for 

bison based on current occupancy will simply identify more suboptimal habitat (Cromsigt et al., 

2012). 
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The combination of trials and SDMs could be used to improve environmental selection and 

pre-conditioning in reintroductions. For species whose habitat requirements are not known prior 

to a reintroduction attempt, the best available knowledge should be used and subsequently built 

upon using the reintroduction itself to improve knowledge of the species’ ecology. Therefore, the 

initial release of a translocated species can be considered a trial to determine their habitat 

requirements and thereby inform future trials. For example, the habitat requirements for Chatham 

Island black robin (Petroica traversi) were virtually unknown prior to reintroduction because the 

species was critically endangered (at its peak decline the species numbered five individuals). 

Massaro et al. (2018) assessed their habitat selection post-release using an SDM, then used this 

information to select future release locations. Whilst several studies have assessed post-release 

habitat selection (Bernardo et al., 2011; Bogliani et al., 2011; Bennett et al., 2013a; Saltz and 

Berger-Tal, 2014; Burnside et al., 2017; Johnson et al., 2017; Abicair et al., 2019), only Massaro 

et al. (2018) used a post-release SDM. Thus, this approach has the potential to vastly improve the 

environmental selection tactics for cryptic, refugee, and poorly studied species.  

 

2.1.5 Post-release movement behaviours 
Movement behaviours are important to translocation success because movement mediates 

how individuals use the landscape and its resources (Armstrong and Seddon, 2008; Stadtmann 

and Seddon, 2018). Yet, a review by Le Gouar et al. (2012) found only 28% (n = 1007) of papers 

considered post-release dispersal or habitat selection. If improperly managed, post-release 

movement can lead to translocation failure, for example due to increased risk of predation when 

too stationary or too mobile (Mihoub et al., 2011; Le Gouar et al., 2012). Therefore, it is important 

to assess the relationship between movement behaviours and success during a translocation 

project. In some cases, it is possible to predict a priori those movement behaviours that should be 

managed. For example, Asian Houbara bustard (Chlamydotis macqueenii) migrate, so the success 

of their translocation depends on appropriate migration behaviours, which were thereby 

incorporated into the translocation design by way of founder selection and release design 

(Burnside et al., 2017). However, for many species, movement behaviours are not well 

understood prior to translocation, in which case the initial release can be used to gather essential 

information on the species’ spatial ecology. For example, little was known about the ecology of 

white stork (Ciconia ciconi) prior to reintroduction, so information had to be gathered ‘on the fly’ 

about their migratory behaviour (Doligez et al., 2004). An adaptive management framework can 

be added by incorporating movement behaviours; for example, female eastern quolls were found 

to have lower dispersal and greater survival than male quolls, therefore only female founders were 

selected in the subsequent release (Wilson et al., 2020).  
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Movement behaviours that are commonly assessed during a reintroduction are home-range 

size and post-release dispersal (Tweed et al., 2003; Pascale et al., 2010; Mihoub et al., 2011; 

Bradley et al., 2012; Pairah et al., 2015; Knox et al., 2017; Robinson et al., 2018). Translocated 

animals often have larger home-ranges than individuals in natural populations, and often exhibit 

large dispersive movements after release, which can affect their post-release survival (Mihoub et 

al., 2011). A home-range is the spatial distribution of an individual within a population as it carries 

out its “normal” activities (Burt, 1943). A territory is the part of a home-range which is defended 

to exclude conspecifics (Brown, 1969; Powell, 2000). Understanding home-range and territory 

requirements can improve reintroduction outcomes by providing a guide for site selection 

(Bernardo et al., 2011), estimating carrying-capacity of the recipient ecosystem (Massaro et al., 

2018), selecting founders (e.g. where demography affects home-range size; Jurczyszyn, 2006), 

and managed dispersal (Bradley et al., 2011).  

 

Post-release dispersal is the movement of individuals away from the release site and into (or 

away from) the recipient ecosystem (Le Gouar et al., 2012). Excessive dispersal can lead to 

translocation failure if the founder population disperses into surrounding areas and subsequently 

becomes extinct (Rudolph et al., 1992; Clarke and Schedvin, 1997). Furthermore, it can be 

difficult to distinguish between dispersal and mortality, especially when the outcome for the 

population is the same (Mihoub et al., 2011). Understanding post-release dispersal can improve 

reintroduction outcomes by providing a guide for resource augmentation (e.g. supplementary 

feeding; Tweed et al., 2003), soft-release (Clarke et al., 2003; Knox et al., 2017), founder 

selection  based on demography (van Heezik et al., 2009; Wilson et al., 2020) or behaviours 

(Bremner-Harrison et al., 2004), animal release design (e.g. in social groups; Gusset et al., 2006; 

Bennett et al., 2013a) and environmental release design (e.g. multiple release sites; Berger-Tal et 

al., 2012).  
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2.2 Warabin 
“Stone-curlews start their shrill calling  

As dusk spreads its veil over day,  

When the temperature’s falling  

And campfire’s warmth is underway.  

Unobtrusive in the daytime  

Cryptic-roosting in a shaded grove.  

Night-time is the curlews’ playtime  

Making eerie noises as they rove”

(Excerpt from “Night” by Alan Stuart, 2018) 

2.2.1 Warabin ecology 
Warabin are in the shorebird order Charadriiformes and family Burhinidae. They are 

cursorial, which means they have long legs adapted for running (Figure 3). This attribute is 

reflected in their species name ‘grallarius’, meaning stilt-like. Warabin are a mesopredator with 

a varied diet including invertebrates, crustaceans, spiders, frogs, lizards, molluscs, vegetation, 

seeds and tubers (Marchant and Higgins, 1993). Adults stand around 60cm tall and weigh between 

500-800g. They do not display sexual dimorphism, although it is suspected there are slight 

morphometric and colouration differences, but these have not been well documented. During the 

day, warabin roost on the ground among coarse woody debris, relying on their camouflage and 

posturing like a branch (Figure 4, Figure 5). This cryptic behaviour is remarkably effective; I have 

more than once nearly stood on a warabin before I was aware of their whereabouts.  
 

 
Figure 3: Warabin (Burhinus grallarius) are cursorial, adapted for running.  
Photograph courtesy of Julie Clark, taken in Mulligans Flat Woodland 
Sanctuary. 
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Figure 4: Photograph of two warabin (Burhinus grallarius) in camouflaged 
posture in Mulligans Flat Woodland Sanctuary. Can you spot them? 
Photograph taken by Shoshana Rapley. 

 
 

 

 
Figure 5: Close-up photograph of warabin (Burhinus grallarius) in 
camouflaged posture in Mulligans Flat Woodland Sanctuary. Photograph 
courtesy of Julie Clark. 
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2.2.2 Warabin decline and local extinctions 
“Dad used to tell stories that the curlews were so thick and so noisy at 

night that he used to get up and belt a [kerosene] tin to drive them away.”   

(Miepoll South, circa 1940; Sleigh, 2010) 

Warabin have declined greatly across their former range. Once present across most of the 

Australian continent, their distribution is now patchy and their population is concentrated on the 

Queensland coast from Brisbane to Cape York and in the Northern Territory (NT) north of the 

Tropic of Capricorn (BirdLife International, 2016). They are endangered in NSW, SA and 

Victoria (BirdLife International, 2016). Warabin decline has been especially pronounced in 

woodlands; the cumulative impact of range constriction, population decline, and local extinction 

make woodland birds among Australia’s most threatened fauna (Bennett and Watson, 2011; Ford, 

2011). They were extirpated from the Melbourne plains in the 1910s, followed by Geelong 

(1920s), Cumberland plain in the Sydney basin (1950s), You Yangs (1960s), Canberra (1970s), 

Perth and surrounds (1980s), and central Victoria (2000s) (Marchant and Higgins, 1993). There 

are probably other local extinctions that are undocumented. Furthermore, the number of 

Indigenous language names from the central desert regions (see page ii.) suggests the known range 

from European records is incomplete. Potentially warabin were more common in the desert, or 

were irruptive in the central regions when conditions were favourable, or had been in the desert 

in the cooler wetter Pleistocene. No matter the paleo-historic range of warabin, they have 

undoubtedly contracted in the last century (Garnett et al., 2011). 

 

The causes of decline for warabin are usually listed primarily as predation by foxes, and 

secondly, as habitat loss (Johnson and Baker-Gabb, 1994; Price, 2006; Carter, 2010; Garnett et 

al., 2011; BirdLife International, 2016). However, the assertion that foxes are the primary cause 

of warabin decline is based on circumstantial evidence. Foxes seem a likely culprit because 

warabin nest and roost on the ground (Woinarski et al., 2017; Price et al., 2018). Yet Marchant 

and Higgins (1993) note that warabin persist in places where foxes are present, such as Brisbane. 

The root citation for blaming foxes appears to be Webster and Baker-Gabb (1994), despite the 

fact the authors nominate clearing and alteration of habitat as “the most important causal factor” 

in warabin decline. The received wisdom that foxes cause warabin decline requires closer 

inspection. It is likely that warabin declines vary by spatial heterogeneity in threats and tolerances. 

Potentially foxes are more threatening in areas with reduced cover and limited alternative prey. 

In other areas, the pressure of foxes may be compounded by the presence of feral and domestic 

cats (Woinarski et al., 2017). While it is less satisfying to not have a simple answer to “what 

causes decline”, it is more realistic to expect multiple threats with varying levels of severity across 

space. Nonetheless, foxes are a key threat during the reintroduction process and therefore need to 

be managed accordingly.  
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2.2.3 Warabin conservation and translocation 
Conservation interest in warabin has largely been from the ground-up, where landholders 

who have lost the species from their properties have sought their restoration (Tack, 2016). In areas 

where warabin persist in small numbers, conservation fencing has been used to protect breeding 

roost sites from fox predation. This has largely been conducted on private property in 

collaboration with local land services groups (B Lobert, pers comms, 5th May 2020). 

 

So far, there have been six reintroductions and two supplementation projects of warabin. I 

have summarised these in Table 2 using the TTCS framework to aid comparison of projects 

(Batson et al., 2015b). All these projects have used captive-bred birds, but otherwise, the tactics 

have varied. Four projects have failed (mortality of the entire translocated population). Two 

projects have been partial successes, where birds survived but monitoring and reporting are poor, 

and therefore the success of these projects are difficult to assess. One project has had birds survive 

at very low numbers, which is neither a failure nor a partial success, because whilst the population 

did not become extinct it is essentially non-functional. The only successful project to date is the 

reintroduction at MFWS, because founders have survived (Table 1), bred and the population is 

persisting. None of these projects have been published in the literature yet, and only the Scotia 

Sanctuary reintroduction has been published in the public domain (Kemp and Roshier, 2016). 

Most of the information I have gathered on the other translocations has come from personal 

communication and some is available online (e.g. Tack, 2016). Whilst I have been able to discern 

the tactics of these projects, the original selection of these tactics was not guided by clearly 

defined strategies, which have not been reported for any project. Currently, the optimal 

translocation tactics for warabin are not yet understood. 

 

Table 1: Rates of post-release survival of reintroduced warabin (Burhinus 
grallarius) at Mulligans Flat Woodland Sanctuary released between 2014 
and 2016. 

 Post-release survival 

Release year 1-month 3-months 6-months 12-months 

2014 64% 27% 27% 27% 

2015 90% 80% 70% 70% 

2016 73% 73% 73% 73% 

Average 75% 60% 57% 57% 
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2.2.3.1 Warabin reintroduction at Mulligans Flat 
Mulligans Flat Woodland Sanctuary (MFWS) is a 485ha predator-proof wildlife sanctuary 

located north of Canberra. MFWS was fenced in 2009 to exclude feral predators and has been 

free from foxes and cats since 2011 (Shorthouse et al., 2012). In 2018 Goorooyarroo Nature 

Reserve (GNR), the adjacent reserve to the south, was also fenced and is currently in the process 

of having feral species removal. MFWS and GNR collectively protect approximately 1200ha of 

Eucalyptus melliodora and Eucalyptus blakelyi grassy woodland, a critically endangered 

ecological community (McIntyre et al., 2010). Together, these reserves act as an outdoor 

laboratory, called the Mulligans Flat - Goorooyarroo Woodland Experiment (MFGO 

Experiment). The aim of the MFGO Experiment is to restore ecosystem function to box-gum 

grassy woodland following a legacy of agricultural degradation (Manning et al., 2011; Shorthouse 

et al., 2012). Multiple long-term ecological experiments are underway to achieve this, including 

the addition of carrion to restore soil nutrients, reduction of kangaroo grazing pressure, 

experimental burning, the addition of coarse woody debris, and reintroductions (Manning et al., 

2011; Manning et al., 2013; Barton et al., 2014; Hamonts et al., 2017; Evans et al., 2019). The 

reintroduction goals of the MFGO Experiment are to ensure the best possible rates of 

reintroduction success (Batson et al., 2015b), and understand how reintroduction influences 

ecosystem function and the restoration process (e.g. Ross et al., 2019a; Ross et al., 2019b). 

Reintroductions at MFWS are predicted to have multiple benefits, including the restoration of lost 

processes, establishment of insurance populations (an additional population of a species to buffer 

extinction risk), and the development of a robust experimental framework for testing 

reintroduction theory. So far, the eastern bettong, eastern quoll (Dasyurus viverrinus) and New 

Holland mouse (Pseudomys novaehollandiae) have been successfully reintroduced to MFWS. A 

project to reintroduce brown treecreeper (Climacteris picumnus) was attempted in 2010  but 

failed, and has not yet been reattempted (Bennett et al., 2012; Bennett et al., 2013b).  

 

A project to reintroduce warabin to MFWS has been underway since 2014. So far, four 

release cohorts have been translocated (2014-2016 and 2018), with my honours project 

concerning the fifth release (2019). The project is still in the establishment phase, with more 

releases forecast in the next decade. To date, the MFWS reintroduction is the most successful 

warabin translocation project, with encouraging rates of post-release survival (Table 1) and 

successful breeding within a year of the first release (Table 2). However, understanding and 

improving translocation success has been hampered by difficulties in conducting post-release 

monitoring. Warabin are nocturnal and cryptic, which makes survey efforts challenging. Tracking 

of individuals in 2014-2016 was limited to tail-mounted radiotransmitters, which shed within 

three months. Furthermore, radiotracking is limited by survey effort, because fixes must be 

collected manually in the field using a receiver; consequently, the temporal and spatial resolution 

of data collected is poor.  
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2.2.4 Warabin habitat requirements 
To date, three studies have been conducted regarding warabin spatial ecology. Johnson and 

Baker-Gabb (1994) studied the declining Victorian population, Gates (2001) studied the 

Kangaroo Island population, and research is ongoing on the Central Coast of NSW (Murialdo et 

al., 2015; Price et al., 2018). Some observations are also provided in HANZAB from anecdotes 

and published ecology notes or observations (Marchant and Higgins, 1993).  

 

Many species use multiple types of habitat across space and time to fulfil all their niche 

requirements. Some habitats are associated with distinct processes, such as migration or breeding 

(Dallimer et al., 2012; Jackson et al., 2019). Recipient ecosystems for a translocation must include 

all the required habitat types (Wolf et al., 1996). Warabin have two distinct habitat requirements 

partitioned by daylight: diurnal roosting and nocturnal foraging habitat. The distance tolerated 

between these sites is 0-10km in fragmented agricultural habitat (Johnson and Baker-Gabb, 1994; 

Gates, 2001), though this may differ in intact woodland and grassland ecosystems. To date, the 

only spatially explicit modelling of warabin habitat use was conducted on the central coast of 

NSW, where Murialdo et al. (2015) found warabin were associated with Casuarina glauca and 

Syncarpia glomulifera forests and saline wetlands. However, it is not clear in this study what GIS 

model was used, what features were selected, what model cross-validation was done (if any), 

therefore the reliability of their interpretations are unclear. Furthermore, by selecting locally 

relevant habitat features (e.g. tree species) rather than broadly relevant metrics (e.g. canopy cover, 

aspect) the relevance of the study is limited. Consequently, there are no spatially explicit studies 

relevant to warabin habitat selection in woodland and grassland. 

 

Little is known about warabin movement behaviours. Dispersal is thought to be the primary 

cause of population decline on the NSW central coast, but the mechanism is poorly understood 

(Murialdo et al., 2015). There is currently no published information on the post-release dispersal 

of translocated warabin. Home-range is the only well-studied element of warabin spatial ecology; 

however, home-ranges of translocated populations are often larger than natural populations 

(Mihoub et al., 2011). Warabin home-range estimates include: 70ha for breeding pairs (Johnson 

and Baker-Gabb, 1994); 95ha non-breeding and 41ha breeding (Wilson, 1993); 100ha non-

breeding and 50ha breeding (Anderson, 1991); and, 32-877ha non-breeding and 24-64ha breeding 

(Gates, 2001). This last metric by Gates (2001) is the only one to use tracked data 

(radiotransmitters) rather than observations. Gates defined home-range as all roosting and 

foraging locations. However, this analysis may be at odds with the accepted conceptual exclusion 

of “occasional sallies outside the area, perhaps exploratory in nature” (Burt, 1943 p.351) because 

Gates used any nocturnal observations as “foraging sites” but this may not be ecologically 

accurate (Fieberg and Börger, 2012). The jump from approximately 100ha estimated by other 

sources to 877ha estimated by Gates may be explained by this conceptual disparity.   
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2.3 Summary of literature review 
There is a need for empirical data on warabin reintroduction biology. The overall rate of 

failure of warabin translocations is high (71%, Table 2), which is higher than the general rate of 

translocation failure (approximately half; Fischer and Lindenmayer, 2000), and much higher than 

bird translocations in New Zealand (34% failure in the 2000s; Miskelly and Powlesland, 2013). 

This is likely because warabin translocation efforts have not been conducted under the best 

available theoretical framework of strategies and tactics. Furthermore, efforts have largely been 

community-led, which is an admirable and worthwhile public cause; however, some may lack the 

scientific rigour of a well-designed trial that enable inference. 

 

The success of the MFWS reintroduction of warabin provides an opportunity to study which 

tactics and strategies contribute to success, and thereby what could be adapted and tested in other 

contexts. Given habitat selection and predator control are the most crucial factors in Australian 

translocation success (Sheean et al., 2012), these are the priority areas to understand first, before 

moving onto other tactical categories. Effective predator control has been achieved in MFWS 

with the sanctuary fence; however, we do not fully understand how warabin use space outside the 

sanctuary. In terms of environmental selection, we still do not understand the optimal habitat 

requirements for warabin in southern Australia, due to their extirpation and declines. The post-

release habitat selection of warabin in MFWS should demonstrate warabin habitat selection in 

temperate woodlands in the absence of confounding factors such as feral predators. Likewise, 

understanding movement behaviour will complement environmental selection, because it is 

important to know how a species moves between required habitats. Lastly, applying an SDM to 

understanding habitat selection will aid transferability of learnings, because remotely-sensed data 

can be obtained for potential release sites elsewhere.  
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 Methods 

 

3.1 Ethics statement 
All research conducted in this project was covered by the the Australian National University 

Animal Ethics protocol A2019/21 and amendments 26 July 2019 and 31 July 2019. Import of 

warabin from NSW to the ACT and release from captivity in the ACT was covered by ACT 

Government scientific licence and import licence LT201912. Bird banding was licenced by the 

Australian Bird and Bat Banding Scheme (ABBBS). 

3.2 Study site 
The warabin reintroduction took place in MFWS (-35.1681603 S, 149.1608405 E), a 485ha 

predator-proof reserve north of Canberra. Monitoring occurred in MFWS and GNR (Figure 6).  

 

Figure 6: The location of Mulligans Flat and Goorooyarroo Nature Reserves 
(MFGO) in the Australian Capital Territory (ACT), Australia. (a) location of the 
ACT in Australia. (b) location of MFGO in the ACT. (c) MFGO reserve layouts 
and location of soft-release aviary and research plots.  
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3.3 Field methods 
This methods section documents the reintroduction protocols relevant to this honours thesis. 

The full reintroduction protocol for 2014-present is documented in Appendix 1.  

This study concerns ten 2019 founders and four residents (Table 3). 2019 founders are 

defined as the warabin that were released in 2019, and residents are defined as established 

founders from previous release cohorts (2014-2016 and 2018) and their offspring. The focus of 

this study is the post-release movement and survival of the 2019 founders. The resident birds 

provide a useful comparison point for some behaviours.  

The tactics in 2019 were based on the 2014-2016 tactics (Table 2). 2019 founders were held 

in a soft-release aviary for 123 days prior to release. Daily food provisioning and checks were 

done whilst in the aviary. Prior to release, 2019 founders had their wings clipped where the 

primaries were trimmed down to the length of the wing coverts. Clipping reduces their ability to 

gain lift, so they cannot fly over the sanctuary fence, but can still fly forward for short distances 

(approximately 200m, pers obs). Camera traps (LTL-5310 “Acorn” trail camera) were used to 

assist in monitoring pre-release and for the first two-weeks post-release.  

Ten of the 2019 founders were sourced from Albury, NSW, and two (Sue and Becky) were 

sourced from Oakvale, NSW (sourcing is described in detail in Appendix 1). Originally, Sue and 

Becky were not going to be tracked because of the limited number of transmitters that could be 

purchased (16). However, delays to catching residents due to the 2019/2020 bushfire season 

resulted in extra transmitters were available in December. Sue was harnessed during the 1-month 

post-release health-check. Becky is not included in any analysis because she was not tracked.  

Table 3: Warabin (Burhinus grallarius) study individuals. 
Individual Cohort Resident type Release year Sex Tracking start date 
Banquo 2019 Founder  2019  Male 13/11/2019 
Blair 2019 Founder  2019  Female 13/11/2019 
Danny 2019 Founder  2019 Male 13/11/2019 
Eric 2019 Founder  2019 Male 13/11/2019 
Frodo Resident Established 2015 Male 12/03/2020 
Kovu Resident Established 2016 Female 02/03/2020 
Matilda 2019 Founder  2019 Female 13/11/2019 
Myrtle 2019 Founder  2019 Female 13/11/2019 
Phil Resident Sanctuary born NA Unknown 02/03/2020 
Pippin Resident Sanctuary born NA Unknown 27/02/2020 
Salem 2019 Founder  2019 Male 13/11/2019 
Sabrina 2019 Founder  2019 Female 13/11/2019 
Sue 2019 Founder  2019 Female 12/12/2019 
Ursula 2019 Founder  2019 Female 13/11/2019 
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3.3.1 GPS tracking 
Solar-powered OrniTrack-20 GPS-GSM/GPRS devices (Ornitela Ornithology and 

Telemetry Applications, Lithuania) were used to track the movements of warabin post-release. 

Transmitters weighed 20g; 2.3-3.3% of body weight at the time of fitting.  

A backpack-style wing-harness design was used to fit the transmitters to the warabin (Figure 

7). Backpack harnesses have been tested on warabin at Moonlit sanctuary and no ill-effects were 

found (Herrod, 2018). Specifically, this study used the “wing-harness with a horizontal covered 

weak link at keel” designed by McGinness (2020). The design by McGinness (2020) is based on 

Karl and Clout (1987) and modifications used by E. Williams, I. Veltheim, and M. Herring et al. 

(pers comms). The advantage of this design is that a weak link is introduced at the keel, which is 

subsequently the first part of the harness to degrade and break, which allows the harness to fall 

off the bird cleanly with no loops or entanglement.  I tested this harness design on the warabin for 

one-month in the soft-release aviary to ensure the harness did not cause injury and would not fall 

off prematurely.  

 

Figure 7: GPS tracking backpack harness (blue) placement in relation to the keel 
bone structure (red) of warabin (Burhinus grallarius). Illustration by Julian Teh.  
 

The GPS schedule for all devices deployed involved taking a location fix every 60 seconds 

and GPRS data transfer every 10800 seconds (24 hrs). The GPRS data transfer involves using the 

mobile phone network to transmit the data between devices and an online server; therefore, the 

birds do not need to be recaught to download data. The data transfer schedule was increased to 

172800 seconds (48 hrs) if a battery was depleted to allow recharging. The GPS fix schedule did 

not vary by time of day and no geofence zones were enforced.   
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3.3.2 Capture 
Warabin were hand-caught for health checks and harness fitting. Captures took place during 

the day when conditions were suitable (10-33°C and <20km/h wind). Two handlers approached 

the bird from opposite directions with arms in the air to appear as large as possible. The handlers 

approached slowly to allow the bird to sit then posture (adopting a camouflaged position of lying 

prone with head outstretched to appear like a stick) and then handlers would pick up the bird. If 

the bird flushes before it is caught, the handlers follow the bird to where it runs or flies to, then 

try again to catch. A maximum of four attempts are taken to catch the bird, though usually only 

one or two are required. 

Health checks of 2019 founders were conducted at one and three months post-release. The 

health check protocol is discussed in detail in appendix 1. Residents were health checked at the 

time of initial capture for harness fitting.  

3.4 Analysis 
All analyses were done in R version 3.6.3 (2020-02-29) “Holding the Windsock” (R Core 

Team, 2020) and figures were produced using the package ggplot2 (Wickham et al., 2016). 

3.4.1 Data cleaning 
GPS error can cause substantial biases and false signals in the interpretation of animal 

movement data (Bradshaw et al., 2007; Hurford, 2009). I used the SDLfilter package to remove 

temporal and spatial duplicates, poor quality fixes (fewer than 6 satellites), and biologically 

unrealistic locations based on the travelling speed (greater than 65km/h) (Shimada et al., 2012; 

Shimada et al., 2016).  

3.4.2 Movement statistics 
Warabin are nocturnal, and their space use is broadly partitioned into diurnal roosting and 

nocturnal activity. To split the data into day and night, I used the function suntime from the 

package suncalc in R to find the dawn and dusk time for each day and thereby assign each GPS 

point to night or day (Thieurmel and Elmarhraoui, 2019). I allocated each data point to a “bird-

day”, where each day starts at sunrise rather than midnight, because this is more representative of 

the daily movement of a bird than a calendar day (McDuie et al., 2019). For example, a bird night 

would constitute 6pm-6am across two calendar days, rather than 12am-6am and 6pm-12am from 

one calendar day. 

I used the function summary from base R to conduct general statistical summaries of the 

movement data. These were: speed travelled at night, total distance travelled at night, maximum 

distance travelled away from the roost, 



35 

 

3.4.3 Home-range 
 Kernel density estimation of utilisation distribution was used to calculate home-range sizes. 

I used the functions kernelUD (using the ‘href’ ad hoc method for smoothing) and getverticeshr 

(where home-range percentage was set to 95%) from the package adehabitatHR (Calenge, 2006). 

Following (Long et al., 2014), I used gArea, gIntersect and gUnion from the package rgeos 

(Bivand and Rundel, 2012) to find the size of overlapping area between the 95% kernel density 

home-range areas calculated using kernelUD. I calculated the shared home-range for all 

combinations of birds.  

First, I tested whether home-range differed between sexes and cohorts. To test whether the 

home-range size differed between male and female warabin, I fitted a linear mixed model of the 

calculated home-range size against the sex of the bird. I log transformed the home-range size to 

satisfy the assumption of normality for Gaussian distributed modelling. To account for repeated 

measures of using home-range size per day, I used individual ID as random factor. Sanctuary-

born birds Phil and Pippin were excluded from this test, because their sex was unknown.  

Second, I tested whether the home-range size differed between residents and 2019 founders. 

I log transformed the data and fitted a linear model of home-range by cohort, using individual ID 

as a random factor to account for repeated measures.  

Third, I tested whether home-range size of founders changed over time and whether this 

predicted survival to 3 months. I fitted a linear model testing the interaction of home-range, time 

and survival. As above, I log transformed the data and used individual ID as a random factor to 

account for repeated measures. 

3.4.4 Post-release dispersal 
I calculated three metrics of dispersal for each 2019 founder per day: (i) distance from the 

release site, (ii) distance from the previous day, and (iii) maximum distance travelled from roost 

site. I used linear models to test whether each of these dispersal metrics related to survival to 3-

months post-release. For all three models, I log-transformed the dispersal metric to satisfy the 

assumption of normality for Gaussian distributed modelling. I used individual as a random factor 

to account for repeated measures. 

3.4.5 Classification of roosting and foraging sites 

3.4.5.1 Roost sites 
Warabin roost in the day, usually in one location but they may move if disturbed. Therefore, 

they may use multiple roost locations in a day. The GPS transmitters collected many (100-900) 

points per day with some margin of error, so the true location/s of the roost site/s was assumed to 

be at the centroid of clusters of GPS points. K-means is a method of partitioning data by using 

clusters. I used the kmeans (set to centres =3) function from the R base stats package to find kernel 

centres for roosts sites. I filtered out unrealistic clusters with less than 15 points. 
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3.4.5.2 Foraging sites 
Nocturnal movements made by warabin include walking, flying, foraging, socialising and 

exploratory movements. Foraging is an important part of animals’ time and energy budgets 

(MacArthur and Pianka, 1966) and can be inferred from GPS data (Hochachka et al., 2007; 

Buchin et al., 2010). However, inferred behaviours can be misidentified and should, therefore, be 

supplemented with field observations (Hebblewhite and Haydon, 2010). It was not possible in 

this study to ground-truth model outputs, which should be done in future.  

 

In a previous GPS study by Bennison et al. (2018) on northern gannets (Morus bassanus), a 

variety of foraging models were assessed with ground-truthed data, and hidden Markov modelling 

(HMM) was found to perform best. I used HMM to produce a state-based model of nocturnal 

movements. I produced a two and three state model using the function fitHMM from the package 

moveHMM in R and compared the models with Akaike information criterion for small sample 

sizes (AICc; Burnham and Anderson, 2002). I used the function CI in moveHMM to calculate 

95% confidence intervals for the state parameters and transitions. I assigned the states the 

following labels: (1) search pattern, (2) commute, and (3) walking. I then used the Viterbi 

equation using the function viterbi to locally-decode the state sequence for each GPS point. To 

create a map of states per bird, I used plot in moveHMM.  

 

I tested whether time spent in a searching state differed between 2019 founders and resident 

birds. I used time-spent in a searching state on a given day as the response variable. These data 

contained many instances where the bird spent zero time in a state. This resulted in zero-inflated 

data. To deal with this I fitted two models (hurdle model; Cameron and Trivedi, 2007). First, I 

fitted a binomial model to test whether cohort predicted the probability of a warabin searching or 

not.  I used a binomial model because the data were 0 or 1, representing searching or not searching 

respectively. Second, I fitted a linear mixed model to test whether, for warabin that did forage, 

time spent foraging differed between cohorts. The data used in this second model contained only 

those instances where the bird was in a searching state (i.e. I removed lines where time in state 

equalled zero). I log-transformed the state to satisfy the assumption of normality for Gaussian 

distributed modelling. To account for repeated measures, I used individual bird ID as a random 

factor. 
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3.4.6 Habitat selection modelling 
I used a maximum-entropy (maxent) species distribution model to determine the habitat 

features of roost and foraging sites. My model creation process is summarised in Figure 8.  

 

Figure 8: Flow chart of producing the maxent model  
 

I selected covariates based on environmental features identified in the literature as relevant 

to warabin, for which there was appropriate remotely-sensed data available (Marchant and 

Higgins, 1993; Johnson et al., 1994; Gates, 2001). These covariates and their data sources are 

listed in Table 4. I used the functions raster, resample, extend and crop from the package raster 

(Hijmans and Etten, 2012) to format the data for modelling. To create the “distance to water” 

layer, I created a data frame of pixels with a water band index >1.2 and then used the function 

distanceFromPoints from the package raster to calculate Euclidean distance to water. To create 

the “aspect” and “slope” layers I used the function terrain from the package raster to calculate 

aspect and slope from the digital elevation model (DEM) of the ACT. To test for correlation 

between covariates, I used the pairs function from the package raster. Following Molloy (2017), 

paired covariates with a Pearson’s correlation coefficient >0.7 were considered highly correlated, 

and only one of the pair was selected based on greater importance to warabin ecology.  
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I used Maxent software (Phillips et al., 2006) in the package SDMtune (Vignali et al., 2020) 

to create two maxent models: one for roosting habitat and one for foraging habitat. For the 

foraging habitat model, I did not use ACT lidar derived covariates, because warabin often foraged 

in NSW and this would have been excluded from the model. For feature classes, I used quadratic, 

linear and product, but not threshold and hinge features because this creates more ecologically 

realistic response curves and more general predictions (Austin, 2007). A total of 12 features were 

used in each model. Following Molloy (2017), I iteratively removed the worst-performing 

variables according to their permutation importance (acceptance criteria was importance >0.02) 

and the AICc of the model; the selected covariates are listed in Table 4. Model predictions were 

calculated using a complementary-log-log link function (cloglog), because this metric best 

approximates ‘likelihood’ for ecological distribution modelling (Elith et al., 2011; Yackulic et 

al., 2013).  

Table 4: Covariate selection for use in maxent models of warabin habitat. Data 
sourced from Terrestrial Ecosystem Research Network (TERN) airborne lidar and 
hyperspectral products (van Dijk et al., 2018) and CSIRO soil and landscape grid 
of Australia (Viscarra Rossel, 2014). 

 
Covariate Data source Roost  Foraging 
Elevation TERN ACT Lidar DEM No No 
Aspect Derived from TERN ACT Lidar DEM Yes No 
Slope Derived from TERN ACT Lidar DEM Yes No 
Overstory LCF TERN Hyperspectral Mulligans Flat 3.2m Yes No 
Understory LCF TERN Hyperspectral Mulligans Flat 3.2m Yes No 
Herbaceous LCF TERN Hyperspectral Mulligans Flat 3.2m No No 
NDVI TERN Hyperspectral Mulligans Flat 3.2m No Yes 
CAI TERN Hyperspectral Mulligans Flat 3.2m No Yes 
Soil depth CSIRO soil and landscape grid of Australia No Yes 
Regolith depth CSIRO soil and landscape grid of Australia No No 
Distance to fence Fence polygon MFGO No No 
Distance to water Derived from TERN Hyperspectral Mulligans Flat 

3.2m water band index 
No Yes 

3.4.6.1 Model validation 
I ran a cross-validation model with 10 random-fold repetitions with 30% of the presence 

locations withheld for model evaluation. I tested the model performance using the area under the 

receiver operating characteristic curve (AUC). A higher AUC indicates better discrimination of 

suitable versus unsuitable areas for the species (Phillips et al., 2006); however, models should 

also be compared on ecological relevance and not solely AUC (Elith et al., 2011). For the foraging 

model, I ran the model both with and without the 2019 Founders and used AICc to assess which 

model performed better; this was because the 2019 Founders had their wings clipped and could 

not select from all available foraging habitat.  

Ground-truthing was not possible because field-work was cancelled due to the 2019/2020 

bushfire season and the COVID-19 pandemic. 
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3.4.6.2 Overstory and coarse woody debris 
Woody debris data were available for the MFGO research plots. MFGO is arranged into 96 

polygons, where each polygon contains four 1ha plots. An experiment at MFGO is the 

experimental addition of CWD (Manning et al., 2013; Manning et al., 2020). The treatments of 

debris were 20 tonnes dispersed (spread out in the plot), 20 tonnes clumped, 40 tonnes (clumped 

and dispersed), or a control (no addition). The pre-existing debris volume was calculated before 

experimental debris was added. 

I tested whether overstory cover predicted woody debris. I extracted the overstory cover for 

each research plot using the function over from the package sp (Pebesma and Bivand, 2005). The 

data were bounded variables between 0 and 1, so I ran I a pseudo-binomial distribution 

generalised linear model using the package glmmTMB (Brooks et al., 2017) in R, where the 

predictor variable was overstory cover and the response variable was pre-existing volume of  

debris. It would have been informative to test whether debris volume or debris addition affected 

roost site selection. However, the data was highly zero-inflated and dispersed, and a suitable 

model could not be fitted. Of the 130 data-points, 87% were from two plots. 

3.4.7 Carrying-capacity 
To account for the effect of habitat quality on carrying-capacity I used the roost maxent 

model. I used the roost maxent to predict carrying-capacity because I found warabin are more 

specialised in their selection of roost habitat whereas foraging habitat was more generalised. First, 

I extrapolated the mapped prediction to include GNR as well as MFWS. Then I masked the 

mapped prediction to the reserve polygons using the function mask in the package raster. I 

assigned each pixel of the maxent prediction raster a quality descriptor depending on the cloglog 

probability. These quality descriptors were best (>.9), good (>.75), adequate (>.5), marginal 

(>.25) and poor (<.25). Finally, I used the number of pixels to determine the quality band 

percentage cover, and thereby the number of hectares. 
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 Results 

 

4.1 Movements 
A total of 313,582 GPS points were collected from 15 individuals during 13/11/2019 to 

12/06/2020. After filtering the GPS data for erroneous points, 98.6% (309,108) remained.  

Most nocturnal movements were <5km/h (98.7%,  n = 108815) with a mean speed of 

0.8km/h and a maximum speed of 60.3km/h (Table 5). Fast movements (>5km/h) occurred most 

frequently between 6-9pm (36.6%, n = 1135). Movements >10km/h were flight and covered large 

direct distances averaging 520m distance, with a maximum distance flown of 2km.  

The resident birds commuted outside the MFWS fence on half of the tracked days (51%, n = 179 

days) and spent 38% of their nocturnal time outside the sanctuary. The 2019 founders did not 

commute outside the fence because they had not yet regrown their trimmed primaries, and 

therefore could not fly further than approximately 200m (pers obs).  

Table 5: Movement statistics summary table of tracked warabin (Burhinus 
grallarius, n = 15) at Mulligans Flat and Goorooyarroo Nature Reserves from 
November 2019 to June 2020 
Movement Cohort Min Mean Max 

Speed (km/h) Resident 0.002 0.98 60.27 

Founder 0.002 0.70 30.38 

Total nightly distance 

moved (km) 

Resident 0.86 4.62 21.50 

Founder 0.79 4.09 20.62 

Maximum distance away 

from roost (km) 

Resident 0.24 0.84 2.75 

Founder 0.13 0.48 1.91 

4.1.1 Survival 
Post-release survival of 2019 founders  (n = 10) was 100% to 1-month post-release and 60% 

to 3-moths post-release. Resident (n = 4)  survival post harness fitting was 100%.  

4.1.2 Home-range 
The average home-range size (90% kernel density estimate) was 25ha for 2019 founders and 

6ha for resident birds, and the difference between these cohorts was significant (p <0.001) but 

there was no difference between sexes (p = 0.767; Figure 9). The probability of 2019 founder 

survival to 3-months post-release decreased as home-range size increased over time, and this 

effect was significant (p <0.001; Figure 10). 
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From home-range overlap, I found residents shared their home-range with 6-8 other birds, 

and 2019 founders shared their home-range with all other founders. When both treatment groups 

are combined, warabin shared an average of 21% of their home-range with other birds. 

 

Figure 9: Model predicted values for home-range size (hectares) for warabin 
(Burhinus grallarius) at Mulligans Flat Woodland Sanctuary by sex and cohort. 
Error bars represent 95% confidence intervals. 
 

 
Figure 10: Predicted trends of home-range size over time for 2019 founders of 
warabin (Burhinus grallarius) reintroduced to Mulligans Flat Woodland 
Sanctuary. Values are predicted from an interaction model of day and survival 
group against home-range size. The values have been back-transformed to 
the original scale following model predictions. Bands represent 95% 
confidence intervals. Note also the log-transformed y-axis scale. 

 
 



42 

 

4.1.3 Post-release dispersal 
Founders moved on average 280m per day from the release site. Founders that moved further 

away from the release site were significantly more likely to survive (p <0.001; Figure 11). 

Founders moved on average 110m per day from one roost site to the next; there was no 

relationship between daily movement and survival (p = 0.802). Founders moved on average 840m 

from their roost site to nocturnal locations; there was no relationship between daily movement 

and survival (p = 0.921).  

 
Figure 11: Predicted trends of dispersal from release site over time for 2019 
founders of warabin (Burhinus grallarius) reintroduced to Mulligans Flat 
Woodland Sanctuary. Values are predicted from an interaction model of day 
and survival group against dispersal distance. The values have been back-
transformed to the original scale following model predictions. Bands represent 
95% confidence intervals.  
 

4.2 Roost locations 
For the first six-months (182 days) post-release there were 118 distinct (>60m distance 

separating each) roosts used by the 2019 founders. An additional 80 roosts were used by the 

resident warabin. 21 roosts were used by both 2019 founders and residents. Warabin used multiple 

roosts within a single day 18% of the time (260 occasions of 1408 roost detections).  
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4.3 Foraging locations 
Of the two hidden Markov models (Figure 12), the three-state model was a better fit than the 

two-state model (ΔAICc = 11374). The three states were commuting, walking and searching. 

Commuting and walking were both transit states with few turns, but commuting was characterised 

by faster speeds (Table 6). Searching was characterised by low speed and a high rate of turning 

(Table 6).  

 
Figure 12: Three-state hidden Markov model for nocturnal movements by 
warabin (Burhinus grallarius). Left: proportion of time spent by each bird in 
movement states; asterisk * indicates resident birds as opposed to 2019 
founders. Right: example map of movement states.  

 
Table 6: State parameters for three-state hidden Markov model of nocrturnal 
movements by  warabin (Burhinus grallarius). 

State Step length 
(m)(CI) 

Turning angle 
(CI) 

Speed km/h 

Searching 21.4 (± 0.3) 180° (±9°) <1 

Commuting 161.1 (±5.4) 2° (±1°) >10 

Walking 62.4 (±0.8) 11° (±10°) 1-10 

 

Residents searched (moved in a search-pattern state, which is a proxy for foraging effort) on 

64% of days whereas 2019 founders searched on 32% of days (Figure 13), and this difference 

was statistically significant (p <0.001, Table 7). Residents spent 59% of their time searching 

whereas 2019 founders spent 14% of their time searching (Figure 13), and this effect was 

significant (p <0.001, Table 7). There was no relationship between the proportion of time spent 

in a search state and survival (p = 0.948). 
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Figure 13: Hurdle model predicted values for warabin (Burhinus grallarius) 
search probability. (A) the probability that a searching state will be undertaken 
per day (B) the proportion of time spent in a searching state. Error bars 
represent 95% confidence intervals. 

 

Table 7: Hurdle model results, testing whether resident and founder warabin 
(Burhinus grallarius) were more likely to search (binomial model) and spent 
more time foraging (linear model)  
 

 Model  Estimate SE z value PR (>|z|) 

Binomial Intercept  

Forage or not 

-0.7434 0.1530 -4.859 <0.001 

 Response 1.3238 0.2919    4.535 <0.001 

Linear Intercept  

Time spent foraging 

(log transformed) 

2.6121 0.1418 18.424 <0.001 

 Response 1.4714      0.2497    5.892   <0.001 

 

4.4 Maxent models 
The selected environmental covariates and their permutation importance derived from 

maxent are summarised in Table 8. The roosting habitat model (Figure 14) showed strong 

discrimination on held-out data (where 30% of the presence data were withheld for testing), with 

a cross-validated AUC of 0.851. The foraging habitat model without 2019 founders was a better 

fit than the model including 2019 founders (ΔAICc = 210302). The foraging habitat model (Figure 

14) shows good discrimination on held-out data, with a cross-validated AUC of 0.650.  

  



45 

 

Table 8: Environmental covariates used to train a maximum entropy model of 
foraging and roosting habitat suitability for warabin (Burhinus grallarius). 
Permutation importance is the percent contribution of the covariate to the cross-
validated model. Covariates: overstory layer cover fraction (LCF), slope, 
understory LCF, aspect, normalized difference vegetation index (NDVI), soil 
depth, distance to water, and cellulose absorption index (CAI).  

 

ROOSTING MODEL FORAGING MODEL 

Covariate 
Permutation 

importance (%) 
Covariate 

Permutation 

importance (%) 

Overstory LCF 46.65 NDVI 49.68 

Slope 22.85 Soil depth 26.15 

Understory LCF 19.32 Distance to water 14.42 
Aspect 11.18 CAI 9.75 

 
Figure 15 showed the variable response curves for each maxent model, where a higher 

cloglog covariate response indicates greater habitat suitability, which is scaled from 0-1, where 

values closer to 1 are more suitable. The histograms show what is available in the study area, 

which allows a comparison of the response curve with availability. If the response curve deviates 

from the histogram, it is more likely that the covariate is being selected for by warabin rather than 

selected by chance.  

 

Roost suitability was highest between 30-40% overstory cover. Roost suitability increased 

with increasing understory cover, but declined after 15%; however, this is likely because of 

unavailability of higher levels of cover, which may be preferred. Roost suitability decreased with 

increasing slope; however, the full range of slopes present in MFWS were tolerated. Roost 

suitability was highest between 180-200°, which are south-south-westerly aspects.  

 

Foraging suitability increased with increasing NDVI and decreased with increasing CAI. 

Foraging suitability declined with increasing distance from open water (e.g. dams and ponds). 

Foraging suitability was highest between 80-90cm soil depth but declined less steeply after 90cm 

than what is available in the histogram, indicating deeper soils may be preferred.   

4.4.1 Coarse woody debris 
There was a positive correlation between overstory cover and volume of natural debris in 

the research plots; however, this effect was not significant (p = 0.287). Warabin roosted in 11 (of 

48) of the research plots. However, the most visited plot accounted for 74% (n = 130) of roost 

visits, and the second most visited plot accounted for 13% of roost visits. These two plots were 

both part of the experimental addition of 20T of dispersed timber. 
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Figure 14: Maximum entropy species distribution model for warabin (Burhinus 
grallarius) in Mulligans Flat Woodland Sanctuary and surrounds. Top: cloglog 
suitability of habitat for roosting. Bottom: cloglog suitability of habitat for foraging.  
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Figure 15: Maxent model response curves and histograms. (A) roosting and (B) 
foraging models for warabin (Burhinus grallarius). Variable response curves are the 
cloglog response of the model to covariates. Frequency histograms are covariate 
availability across the entire study site. Overstory cover and understory cover are 
reported in percentages. Slope (percent rise) is reported as a fraction. Aspect is 
reported in degrees where north is 0°. Normalised difference vegetation index (NDVI) 
and cellulose absorption index (CAI) are reported in index units. Soil depth and 
distance to water are reported in meters.  

(A) 

(B) 
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4.5 Carrying-capacity 
From the roosting habitat maxent model, a total of 90.4 ha of MFWS and 36.8 ha of GNR 

were identified as good or best quality roosting habitat for warabin (Figure 16; Table 9). Given a 

roost is approximately 1ha in size and a roost can be shared by a breeding pair, MFWS can support 

90 pairs and GNR 37 pairs.  Based on a home-range size (which can be shared by a pair, and 20% 

sharing with other individuals and pairs is tolerated) of 6ha (for residents), MFWS can support 

100 home-ranges, and GNR can support 250 home-ranges.  

 
Figure 16: Map of suitable roosting habitat for warabin (Burhinus grallarius) in 
Mulligans Flat and Goorooyarroo reserves derived from maxent modelling 

 

Table 9: Extent of maxent derived habitat quality for roosting sites of warabin 
(Burhinus grallarius) in Mulligans Flat and Goorooyarroo reserves. 

Habitat quality  MF % GO % MF ha GO ha 

best >.09  7.0 1.1 34.0 11.2 

good 0.75 - 0.9  11.6 2.5 56.4 25.6 

adequate 0.5 – 0.75  21.4 7.5 103.8 75.3 

marginal 0.25 – 0.5  22.1 13.5 107.0 136.0 

poor <.25  37.9 35.8 183.8 361.2 

NA    36.6  400.0 



49 

 

 Discussion 

 

5.1 Home-range 
Home-range is an important movement metric that can be assessed in relation to 

translocation success (Banks et al., 2002). I discuss three main aspects: the determining factors 

of home-range sizes; the difference between residents and founders; and, the link between founder 

survival and changes in home-range size over time.  

 

Home-range sizes did not differ between males and females, which has not been previously 

reported. It is useful to know whether there are demographic differences, because this can aid 

founder selection. I expected residents to have similar home-ranges to those reported in the 

literature (20-870ha; Gates, 2001), but contrary to this expectation, their home-ranges were 

smaller (3-9ha). Perhaps home-range sizes are mediated by resource availability. The 20-870ha 

reported by Gates (2001) was from a study on Kangaroo Island, of which 50% of the natural 

habitat had been cleared for agriculture at the time of Gate’s study. MFWS is comparatively intact, 

and despite a history of sheep-grazing prior to the 1980s, has maintained much of its original 

vegetation (Lepschi; McIntyre et al., 2010). Alternatively, the higher home-range reported in 

Gates (2001) may be due to different methods for defining and calculating home-range. In this 

study, I used 95% kernel density, whereas Gates (2001) used a combination of minimum convex 

polygon, harmonic mean, and kernel density depending on the individual, and it is unclear how 

each method was selected. A study from northern Victoria suggested a timbered area of 0.5-3ha 

for roosting associated with 100ha of agricultural country for feeding (in lieu of native grassland, 

given the conversion of this habitat) was sufficient to support a breeding pair (Johnson and Baker-

Gabb, 1994). However, on any given night, an individual would not use all 100ha, perhaps a 5-

10ha subset. The sum of the 0.5-3ha roosting habitat and the 5-10ha subset foraging habitat is 

comparable to the 3-9ha found in this study. The major difference between estimates is due to 

temporal resolution, where in this study home-range was calculated per-day, whereas usually no 

time bounds are given. I suggest providing temporal resolution of movement behaviours because 

this impacts the calculated metrics.  

 

Home-range sizes for founders were four-fold larger than resident birds, which is 

unsurprising given translocated birds typically have larger home-ranges (Mihoub et al., 2011). 

Founders’ home-ranges were larger than residents’ home-ranges because the inability to fly 

increased their use of space while moving between roosting and foraging areas. The residents 

could fly from their roost to their foraging locations, and therefore did not have to interact with 
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the matrix between these habitats. Habitats flown over during commuting were excluded from the 

home-range estimate on account of not contributing enough to the 95% kernel density estimate. 

Spending more time in the matrix between habitats may be a disadvantage to founders, because 

the time spent traveling is traded-off with time spent foraging. Indeed, the founders spent a 

significantly smaller proportion of their time in a search-pattern (moving through the landscape 

slowly with lots of turns, in a pattern to maximise food encounter) than resident birds, which is 

evidence for increased energy investment in transitting between habitats. An alternative 

explanation is that founders may be inefficient at foraging, and therefore have to forage further to 

meet their food requirements. Foraging inefficiency may be a consequence of being captive-bred, 

because captive-bred birds are not taught wild behaviours by their parents and therefore might 

lack these behaviours (Jule et al., 2008; Rummel et al., 2016; Burnside et al., 2017). More 

research is required to determine whether home-range size is related to commuting or foraging, 

and whether captive-bred birds forage inefficiently. If so, behavioural pre-conditioning tactics 

could be used to teach captive-bred birds to forage efficiently. Alternatively, wild birds could be 

translocated. 

 

Founders that survived to three-months post-release had diminishing home-range sizes over 

time, whereas those that died had home-range sizes expanding over time. Furthermore, resident 

birds had small home-ranges, and surviving founders became more similar to residents over time. 

Movement behaviours of residents represent the best strategy in the context of MFWS because 

they have successfully survived, established and bred. This suggests that having a smaller home-

range is advantageous. However, the mechanism behind this is unclear. It might not be the size 

of the home-range that causes success, but rather the behaviours that enable maintenance of a 

small home-range. For instance, foraging efficiency would enable a small home-range. 

Alternatively, territoriality may enable maintaining a defended roost area. I was not able to assess 

territoriality in this study; however, I did capture antagonistic behaviour between founders on 

remote cameras. Alternatively, boldness may result in a larger home-range, if a bold founder is 

more likely to explore. Previous translocations have found boldness can be a disadvantage when 

it leads to increased dispersal (Bremner-Harrison et al., 2004; May et al., 2016). Perhaps warabin 

with larger home-ranges were more exploratory or bold in nature. On the other hand, they could 

have been more submissive and therefore evicted from ideal foraging areas by more aggressive 

or dominant individuals. Given behavioural traits can be selected for in founders, it would be 

instructive to conduct behavioural assays on future translocated warabin to see what effect 

personality and temperament has on reintroduction success. This could be subsequently selected 

for in founders.  
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5.2 Post-release dispersal 
Warabin moved their home-ranges and roost sites away from the release site over time. 

Individuals that moved further away from the release site were more likely to survive than those 

that did not. This movement was gradual, where roost sites only shifted by approximately 100m 

per day. All founders stayed within the MFWS fenced area. This appears to be a trade-off between 

site fidelity and adaptive dispersal, which is a crucial balance made by successful translocated 

individuals (Le Gouar et al., 2012). On one side of the trade-off, site fidelity reduces the energy 

cost of finding new resources and the energy costs of social behaviour associated with territory 

establishment. On the other side, adaptive dispersal enables colonisation of new and resource-rich 

habitats, or movement away from risks. Movement away from the release site is beneficial when 

it reduces the risk of predation because staying in a single area can increase predator awareness 

of a population or increase cues such as scent (Banks et al., 2002). The surviving founders may 

have dispersed an appropriate distance from the release site to establish a home-range with 

suitable resources.  

 

The balance point of this trade-off also may change through time, where the ideal level of 

dispersal may be different immediately post-release compared to several months into 

establishment. Post-release dispersal can be high immediately after release, due to an exploratory-

phase of individuals, which is why many projects use ‘reducing post-release dispersal’ as a core 

strategy (Tweed et al., 2003; Le Gouar et al., 2008; Wilson et al., 2020). In the case of warabin 

reintroduction at MFWS, too much dispersal led to mortality, because the threat level outside of 

the sanctuary fence is high. This is evident from the first release in 2014, in which warabin were 

not wing-clipped and could disperse over the fence; subsequently, 73% (n = 11) died or had 

unknown fates (unknown fate may also have been mortality, because of inability to monitor 

dispersed individuals) in the first three-months post-release. Comparatively, in 2015 and 2016 

when the tactics were adapted to include wing-clipping, mortality (including unknown fates) was 

20% (n = 10) and 27% (n = 11) to three-months post-release respectively. Therefore, limiting 

dispersal in the short-term improves translocation success of warabin. Comparatively, the 

established resident birds regularly commute out of the sanctuary on half of all days. This suggests 

residents have learnt how to safely use the food resources outside of the sanctuary whilst 

balancing the predation risk, primarily from foxes; comparatively, new founders are naïve and 

cannot balance the risk. Naïveté of founders versus residents could be tested, for example, by 

comparing flight initiation distance or response to threat cues. Regardless of whether dispersal 

and mortality are caused by naïveté, it is clear that reducing dispersal immediately after release is 

an appropriate strategy for warabin. However, this needs to be balanced with enabling adaptive 

dispersal in the medium-term.  
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The tactics used in this reintroduction to reduce post-release dispersal are wing-clipping and 

soft-release. Soft-release, which is the tactic of using a holding pen prior to release, is often used 

to reduce or delay dispersal of translocated individuals (Batson et al., 2015b; Tetzlaff et al., 2019). 

In some cases, soft-release can cause higher mortality in released individuals (Richardson et al., 

2013), so the use of soft-release needs to be tailored to the study species. The best practice is to 

test hard and soft release protocols to evaluate which leads to greater translocation success (Clarke 

et al., 2003; de Milliano et al., 2016; Knox et al., 2017), or if there is no difference (Batson et al., 

2015a). In general, hard-release is used for wild-caught birds and soft-release for captive-bred 

birds (Sutherland et al., 2004a). In the case of warabin, it appears that wing-clipping had a greater 

impact on reducing dispersal than the soft-release, given the soft-release did not reduce dispersal 

in the 2014 trial. However, it has been speculated amongst our team that in the second year of 

release the presence of conspecifics during soft-release helped reduce dispersal. Whether wing-

clipping or conspecific presence had the greater impact is unclear. Resident birds approached the 

aviary (documented on camera trap) while the new founders were being held, and this could have 

formed social connections that helped with site fidelity, or founders could ‘habitat copy’ resident 

birds post-release (Mihoub et al., 2011). In future releases of warabin, I suggest using wing-

clipping because this keeps founders in the threat-controlled release area for the crucial first few 

months post-release where they may be naïve to predators. However, given conspecific presence 

may also be a contributing factor, this could be tested by use of decoys or broadcasting calls to 

anchor founders to the site. For example, Bradley et al. (2011) tested the impact of acoustic 

anchoring on North Island Robins (Petroica longipes) using a playback site and ‘silent’ control 

site and found the playback site increased site fidelity in the short term. A similar trial with 

warabin could help unravel the confounded factors of wing-clipping and conspecific presence.  

 

The other tactic emphasised by limiting dispersal to within the fence is the importance of 

appropriate threat control. Threat control and habitat quality are the most important factors in 

Australian reintroduction success (Sheean et al., 2012). I posit that threat control alone is not 

sufficient to ensure founder survival; rather, threat-control needs to be augmented with tactics to 

reduce dispersal. Otherwise, dispersal away from the threat-controlled area essentially negates 

any benefit of the threat control program. The success of the warabin reintroduction at MFWS 

can be partially attributed to threat control afforded by the feral-predator-proof fence. Likewise, 

the partially successful warabin reintroductions at Wadderim sanctuary and Whiteman park in 

WA (see Table 1) were conducted in fenced sanctuaries. However, we do not yet know whether 

reintroduction in the presence of introduced predators is possible due to warabin naïveté.  

 

There are three levels of prey naïveté to introduced predators: (i) prey animals show no 

recognition that the predator is a risk, and adopt no anti-predator behaviours; (ii) prey animals 

recognise the predator as a risk but adopt the ‘wrong’ anti-predator behaviours; and (iii) prey 
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animals recognise the predator as a risk, adopt suitable anti-predator behaviours to the predator 

archetype, but are ‘outgunned’ by the invasive species (Banks and Dickman, 2007). Banks and 

Dickman (2007) used warabin as an example of type II naïveté: “[warabin] …. adopt cryptic poses 

to blend into their background; this works against visually oriented avian predators, but is almost 

useless against scent-hunting cursorial foxes”. However, I would argue that warabin are not type 

II naïve, given warabin coexist with foxes in the northern parts of their range, particularly around 

Brisbane. These northern warabin may have learnt to display appropriate anti-predator 

behaviours, such as fleeing or using a mantling display (spreading the wings to appear large and 

aggressive). Mantling may be an under-appreciated anti-predator behaviour in the warabin 

arsenal, which I have seen them use against brush-tailed possums (Trichosurus vulpecula) and 

eastern quolls. A colleague of mine has seen warabin successfully intimidate northern quolls 

(Dasyurus hallucatus) with mantling (J. Bergmark, pers comms). I have seen warabin follow 

eastern quolls on camera at MFWS, but have not seen mantling. The role of mantling in threat 

response needs to be examined further, especially in its role against introduced predators. 

Compared to the northern warabin, the captive-bred warabin appear to be naïve, and it is unclear 

whether this naïveté is type I or II. They may misidentify predators, for example I saw an 

individual mantle in response to an echidna (Tachyglossus aculeatus) which poses no threat, and 

another individual approach an eastern quoll, which are a predator, without mantling or displaying 

any wariness (e.g. head bobbing or tail wagging). Potentially, in the southern part of their range, 

their naïveté is even type III, due to spatial heterogeneity in threats and tolerances causing the 

hunting ability of foxes to be an insurmountable pressure. If warabin are to be successfully 

reintroduced into their former range, prey naïveté will need to be better understood and overcome. 

Perhaps translocating wild-caught founders could address this challenge, by selecting for wild 

founders that already have appropriate anti-fox behaviours. Alternatively, captive-bred warabin 

could be trained to identify and respond to predators; however, anti-predator training is a fairly 

new application of behavioural ecology to reintroduction, and has been met with limited success 

so far (Heezik et al., 1999; Griffin et al., 2000; Alonso et al., 2011; Moseby et al., 2012).  

 

5.3 Roosting habitat 
Warabin partitioned their space use into diurnal and nocturnal movements. During the day 

they were mostly sedentary, roosting in one location and only moving if disturbed. Warabin roost 

locations were characterised by moderate overstory cover (30-40%), some understory cover 

(>5%), and south-western facing slopes, where they tolerated a range of inclines below 30%. 

Overstory cover was the strongest predictive variable, accounting for 47% of the maxent model. 

It was possible that the overstory cover signal in the model was due to warabin selecting for CWD 

instead of directly for overstory, given more trees (and basal area) predicts more woody debris 

(Threlfall et al., 2019; Manning et al., 2020). Upon testing the relationship between overstory 
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cover and CWD, I found no statistically significant relationship between the two (p = 0.287) 

thereby giving confidence that the overstory signal was truly due to overstory. The preference for 

moderate amounts of cover makes sense considering their largest diurnal predation threat is birds 

of prey (Marchant and Higgins, 1993). Roosting under tree cover would thereby camouflage 

warabin from being identified by birds of prey on the wing. Understory cover would also assist 

with camouflage; however, this was not as important as overstory (contributing 19% to the 

model). It is worth noting that there is little available understory cover in MFWS (50% of the 

reserve area has less than 1% cover, and the average cover is 2%), so warabin would possibly 

select for higher understory cover if it were available. In addition to camouflage from aerial 

predators, understory also masks visibility from predators at ground level. However, this may not 

be advantageous, because warabin use sight to detect approaching predators and decide whether 

to camouflage or flee.  To further examine this, it could be useful to test flight initiation distance 

(FID, the distance at which an animal flees an approaching threat) of warabin in and out of 

understory. FID is considered a life-history trait related to behaviour and personality, where a 

decreasing FID represents increasing risk an individual is willing to take (Weston et al., 2012). 

FID can be used as a metric for wariness for selecting founders and in pre-release conditioning. 

For example, pre-release predator-exposed burrowing bettongs (Bettongia lesueur) had greater 

FID and approached food more slowly, which suggested increased wariness following predator-

aversion training (West et al., 2018).  

 

The literature on warabin ecology consistently identifies CWD as an important element of 

roosting habitat (Marchant and Higgins, 1993; Johnson and Baker-Gabb, 1994; Price, 2006; Gates 

and Paton, 2016). It would have been ideal to include CWD in the maxent model; however, there 

were no suitable data available. Furthermore, the research plots could not be used to test the CWD 

effect because the warabin only consistently roosted in two (of 48) plots, both of which were 

treated with 20 tonnes of dispersed logs, so there was insufficient replication to test the effect of 

debris. There was a positive effect of experimental CWD addition on likelihood of roost site. This 

requires further research to tease out the effect, if any, of CWD, because the relationship was 

weak in this study on account of the data limitations. The addition of CWD in MFGO is an 

experimental restoration technique (Manning et al., 2011), with benefits to response variables 

such as increased reptile richness and abundance (Manning et al., 2013; Evans et al., 2019). I 

suspect debris structure is important to warabin, where debris shape/arrangement may impact the 

utility of debris for camouflage. Likewise, the debris composition may impact the ability of 

warabin to see and respond to predators, and thereby impact the perceived “safety” of the debris. 

Anecdotally, I have observed warabin roosting in fallen branches among the smaller ends of the 

branch, from which they can see out into the surrounding landscape. There may be a trade-off 

between sufficient debris for camouflage whilst maintaining visual predator-wariness; 

consequently, debris “quality” (from warabin perspective) could be more important than debris 
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quantity. I recommend future research on the composition and structure of CWD used by warabin. 

It is important to determine what debris characteristics are important, in order to select sites, or 

more likely to pre-condition release sites. Pre-conditioning of CWD via CWD addition is likely 

needed in all potential recipient sites because of ‘stand simplification’ where CWD was ‘tidied 

up’ in the agricultural past (Yates and Hobbs, 1997; Laven and Mac Nally, 1998). Even in reserves 

where CWD is no longer removed, the natural accumulation of debris is slow (Manning et al., 

2020).  

 

The reason for the importance of south-west facing slopes is unclear; it is possibly due to 

providing shelter from prevailing wind conditions, which is most often from the east from 

December to April in the ACT (Bureau of Meteorology, 2020). If this is the case, I would predict 

that warabin will start using eastern (or north-eastern) slopes from April to December when the 

prevailing winds are from the west. Alternatively, aspect may have been important during this 

study because of bushfire smoke. The 2019-2020 Australian bushfires were the largest on record 

for eastern Australia, with 18.6 million hectares burnt, causing 40 days of hazardous air quality 

in the ACT due to smoke (Brown, 2020; Government, 2020). During the 2019/2020 bushfires a 

captive colony in the Canberra region of smoky mice (Pseudomys fumeus) died due to smoke 

inhalation in a facility 50km from the nearest fire (News report Midena, 2020; paper submitted to 

Journal of Wildlife Diseases). Smoke inhalation could have affected the health of warabin at 

MFWS, which was approximately 40km from fires in Tallaganda National Park and fires in 

Namadgi National Park. Questions such as this demonstrate the importance of longer-term 

studies, given movement behaviour varies with meteorological conditions (Hardouin et al., 2014).  
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5.4 Foraging habitat 
Nocturnal movements by warabin involve allocation of time and energy budgets to activities 

including foraging, social and territorial behaviour, and exploration. Their movements include 

searching patterns (characterised by many turns and slow speeds), walking (characterised by 

minimal turns and moderate speeds) and commuting (characterised by minimal turns and flying 

speeds).  

 

I found that foraging sites were characterised by live, green vegetation (higher NDVI and 

lower CAI), deep soils (relative to local context; 80-90cm), and proximity to water. The combined 

spectral response of NDVI and CAI have a triangular relationship (Figure 17) that predicts 

photosynthetic vegetation, non-photosynthetic vegetation, and bare ground (Daughtry, 2001; 

Guerschman et al., 2009). Foraging site suitability increased with increasing NDVI and 

decreasing CAI, which is associated with photosynthetic vegetation. This may be due to food 

availability, where preferred food resources for warabin may be associated with live vegetation. 

For instance, beetles, a key food for warabin, are more abundant with increasing NDVI in south-

eastern Australia (Lassau and Hochuli, 2008). 

 
Figure 17: Spectral response relationship of normalised difference vegetation 
index (NDVI) and cellulose absorbance index (CAI). Detected values range from 
non-photosynthetic vegetation (NPV) to photosynthetic vegetation (PV) to bare 
ground (BG). Modified from Guerschman et al., 2009 
 

Foraging site suitability increased with increasing soil depth up to 90cm depth, then declined 

after this point. However, this signal was potentially not as strong as the other maxent covariates, 

given the response curve of suitability to soil depth mirrored the histogram of available soil depths 

(Figure 15). Nonetheless, soil depth could be related to food availability. Deeper soils generally 

provide more nutrients and water, which influences the type and height of plants that can grow 

(Rajakaruna and Boyd, 2019).  
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Lastly, foraging site suitability increased with increasing proximity to water. Water can be 

limiting in MFWS; over the 2019/2020 summer the dams completely evaporated, so water tanks 

were installed. However, three dams within 2km of MFWS in neighbouring properties in NSW 

maintained water during the same drought period. Warabin need to drink, but this is only a small 

part of their time budget, so time spent around water is more likely due to food resources 

associated with water, than the need for water itself. 

 

The strength of the foraging model is limited by the sample size because only residents were 

used to construct the model. Residents spent significantly more time in foraging ‘search patterns’ 

than the 2019 founders, so it was thought their data was more likely to reliably predict foraging 

locations. This makes sense given the 2019 founders could not fly and therefore could not select 

from all available foraging habitat. Furthermore, the AICc of the resident model was a better fit 

than the model including 2019 founders. In future, when founders have regrown their primaries 

or more residents are tracked, the foraging model should be re-run to improve sample size.  

 

A limitation of this foraging analysis is the risk (as with all inferences in behavioural 

ecology) that foraging behaviour was misclassified (Gurarie et al., 2016). I tried to overcome this 

risk by using HMM which is a robust method for detecting search patterns, because Bennison et 

al. (2018) found HMMs performed well with few false-positives. Confidence in the model can 

also be drawn from the state characteristics; in this model, the ‘search’ state was characterised by 

slow speeds and many turns, which aligns with the theoretical expectation that search patterns are 

designed to optimise foraging effort to maximise prey encounter (MacArthur and Pianka, 1966). 

However, even if ‘searching’ is adequately identified by the model, this might not equate to prey-

capture. The relationship between movement and resource selection is an ongoing challenge for 

spatial ecology (Turchin, 1998; Hebblewhite and Haydon, 2010). To improve identification of 

foraging locations, field observations could be used to test the model. This is an important 

consideration in all GPS studies; while telemetry is unquestionably valuable, field observations 

are still required to inform the interpretation of the data (Cagnacci et al., 2010; Hebblewhite and 

Haydon, 2010). This limitation also applies to the maxent models, which could not be ground-

truthed in this study because field-work was cancelled due to the 2019/2020 bushfire season and 

the COVID-19 pandemic. Ground-truthing could be undertaken in a future study.  
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5.5 Carrying-capacity 
Based on two metrics for carrying-capacity, roost availability and home-range availability, 

I estimated MFWS can support 90-100 pairs. For GNR, roost availability estimated 37 pairs and 

home-range estimated 250. Given roost availability is a limiting factor, a conservative estimate 

of carrying-capacity for GNR is 37 pairs (based solely on roosts). However, the model estimates 

for GNR are not as reliable as for MFWS, because the model was extrapolated to GNR rather 

than constructed specifically for GNR. Subsequently, there may be model circularity where GNR 

seems less suitable because warabin were not released there and therefore the habitat there has 

not been occupied. This could be tested by re-running the SDM after warabin are reintroduced or 

self-introduce into GNR. For both reserves, it will be interesting to see whether warabin utilise 

all the available habitat. If not, it is prudent to ask why. Sometimes habitat quality alone is not 

enough to allow dispersal into appropriate areas, because some birds need cues such as 

conspecific presence. This can be a problem in reintroductions if the need for cues results in 

clustering (Massaro et al., 2018), but can be mitigated by tactics such as resource augmentation 

or managed dispersal.  

 

It will be interesting to see over the coming years whether this estimate at MFWS reached, 

but this might not occur for a decade, given warabin are long-lived and slow breeding. This 

reiterates the need for long-term monitoring in reintroductions of long-lived birds (Morandini and 

Ferrer, 2017). Future research on the population should conduct a population viability analysis. 

If population modelling detects a downward trend, then it may be necessary to conduct further 

releases. Once the population at MFWS approaches capacity, it can be safely used as a source 

population for future translocations. Sourcing founders from MFWS has a two-fold benefit: first, 

warabin at MFWS are already acclimated to conditions in southern Australia, whereas as wild-

caught founders from Queensland and the NT may not acclimate; second, warabin at MFWS 

display anti-predator behaviours, given their persistence in the presence of foxes when foraging 

outside the sanctuary.  

 

A limitation of this carrying-capacity estimate is that it is based on current roosting habitat, 

and the available resources may fluctuate with environmental conditions. Likewise, other factors 

may affect carrying-capacity, such as density-dependent population dynamics; for example, social 

pressure associated with a larger population may increase natal-dispersal. Also, carrying-capacity 

could be limited by the availability of suitable breeding habitat. It has been suggested that 

breeding habitat overlaps with roosting habitat (Johnson and Baker-Gabb, 1994), but this 

assertion has not been empirically tested. It could be useful to create a maxent model of breeding 

habitat, once suitable breeding data has been collected.  
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5.6 Implications for translocation 

5.6.1 Habitat selection and pre-conditioning 
Future releases of warabin should use remotely-sensed data to assess whether the site is 

suitable. I found suitable warabin roosting habitat to be characterised by moderate overstory cover 

(30-40%), some understory cover (>5%), and south-western facing slopes, and they tolerated a 

range of slopes (<30% inclination). Warabin foraged in sites with live, green vegetation (higher 

NDVI and lower CAI), deep soils (relative to local context; 80-90cm), with proximity to water. 

However, whilst these metrics should be used to guide environmental selection in the first 

instance, there is still spatial heterogeneity in threats and tolerances; what is tolerated or selected 

at one site may not apply at another site because of interacting variables. Therefore, practitioners 

should always monitor the outcomes of releases and be prepared to adaptively manage. Even with 

proper prior planning and robust tactic selection (sensu Batson et al. 2015), there will always be 

curve-balls to contend with in translocations.  

 

Future warabin translocations can use remotely-sensed data to assess whether a potential site 

has appropriate habitat qualities, based on the metrics developed in this study. Therefore, 

preliminary assessments of candidate sites for translocation can be done remotely. However, 

ground assessments will still be important to identify features that cannot be remotely-sensed. For 

example, CWD is important for warabin but is not (currently) readily identifiable using remotely-

sensed data. It is possibly beneficial that I could not include debris in my model, because 

modelling of other recipient sites may not have this data available. Furthermore, ground 

assessments give a good ‘field sense’ of the appropriateness of the site (Hebblewhite and Haydon, 

2010), especially from the practical standpoint of research access and logistics. Nonetheless, 

remote preliminary assessments save time and expenditure on field assessments, particularly if 

the locations are remote or difficult to access.  

 

Recipient sites could also be pre-conditioned, which is the tactic of augmenting or modifying 

resources prior to release (Batson et al., 2015b). In the case of warabin, some of the covariates 

cannot be readily improved (e.g. aspect, slope and soil depth) and are therefore not candidates for 

pre-conditioning. However, others can be (e.g. overstory and understory cover, vegetation quality, 

CWD). Therefore, if modelling the site selection reveals strengths in fixed areas (that cannot be 

pre-conditioned) but weaknesses in improvable ones, then the site may still be appropriate for 

reintroduction. Likewise, features not included in the model can be assessed and pre-conditioned. 

For example, CWD can be added to a site to enhance roosting habitat and invertebrate availability. 

Whilst there were not enough data in this study to determine the ideal amount of CWD, the plots 

used by warabin had 20 tonnes of dispersed CWD added, so this could be a good place to start 

for future research on debris augmentation. 
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Aside from habitat quality, appropriate threat control is an important factor in translocation 

success (Sheean et al., 2012). In this case, reintroduction into a fenced sanctuary provides 

sufficient control of the threat from introduced predators to enable reintroduction success of 

warabin. Therefore, the tactics used in this reintroduction are suitable for translocation into a 

fenced area. However, the tactics required to reintroduce warabin in the presence of introduced 

predators are currently unknown. Furthermore, it is unknown whether this is possible at a broad 

scale. Most of mainland Australia is now effectively uninhabitable for species susceptible to 

predation by foxes and cats (Legge et al., 2018). Before reintroduction of warabin is carried out 

‘beyond the fence’, it is essential to first determine if they are naïve to introduced predators, and 

if so which type of naïveté. Warabin can coexist with foxes in the northern part of their range, so 

this is the ideal starting point to investigate warabin-fox interactions. I posit that northern Warabin 

have learned or been selected to display appropriate anti-predator behaviours, such as fleeing or 

mantling instead of adopting a camouflaged posture. Likewise, the resident birds at MFWS 

presumably display appropriate anti-predator behaviours while out of the sanctuary, given the 

amount of time this was observed in this study, and these should be studied. If this behaviour is 

learned, it could potentially be taught to captive-bred birds, but if it is selected for via natural 

selection, then wild-to-wild translocation may be the only viable option. 

 

5.6.2 Spatial configuration of release design 
Aside from the selection of the site at large, reintroduction planning should consider the 

specific release location (that is, the spatial configuration of the ‘environmental release design’ in 

the TTCS). Habitat selection and connectivity for environmental release design needs to be 

designed with the founders in mind, because this study shows founders have different movement 

patterns to established birds. Founders (if wing-clipped) cannot forage far from the release site; 

therefore, there needs to be appropriate foraging habitat within 1km of the roost site without 

boundaries (e.g. fences). If releases are conducted in GNR, I recommend using the appropriate 

roosting habitat in the north-east and south-west. The location of the release aviary may be critical 

to success because of the reduced foraging ability of founders. Furthermore, in future releases, 

the spatial configuration of multiple release sites could be a useful tactic to manage dispersal. The 

presence of conspecifics in other parts of GNR may alert reintroduced warabin to appropriate 

habitat away from their release site; tactically, this is managing dispersal. This could prevent 

clustering, which has occurred in other reintroductions with a single release point (Massaro et al., 

2018) 
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5.6.3 Species distribution models for translocation planning 
This study supports the argument that species distribution modelling (SDM) is a useful tool 

for planning translocations because it provides a robust, quantitative and transparent method for 

selecting a recipient environment. However, the strength of an SDM is dependent on the quality 

of the input data, the selection of appropriate covariates, and appropriate model construction and 

testing (Elith and Graham, 2009; Yackulic et al., 2013). Practitioners need to ensure their model 

is fit for purpose because inappropriate model construction could misidentify environment 

selection for a translocation, leading to insufficient habitat quality and potentially translocation 

failure. Pre-release SDMs are generally inappropriate for poorly-studied, cryptic and refugee 

species. Whilst post-release SDMs help overcome this challenge, there are still limitations that 

need to be considered. The major limitation is the assumption that a translocated population is 

selecting the best quality habitat. If a translocated population selects poor quality habitat, then 

this will be reflected in the model. For instance, the warabin could lack the skills to select 

appropriate foraging habitat, because they were captive-bred. I have attempted to overcome this 

issue by using resident warabin for the foraging model; residents have survived establishment and 

bred, so their foraging choices represent an effective strategy. A translocated population may also 

select inappropriate habitat because of clustering (grouping due to social behaviour and not due 

to underlying resources; Gariepy et al., 2014), because some birds use the presence of 

conspecifics to indicate whether habitat is suitable (Jaakkonen et al., 2015; Samplonius et al., 

2017). This can result in limited dispersal in reintroduced populations (Massaro et al., 2018). The 

outcome of clustering can be detrimental; for example, if the first cohort of founders selects poor 

habitat, the subsequent releases may be ‘trapped’ in that habitat (Richardson and Ewen, 2016). If 

not managed, social cues can lead to unexpected establishment failures and even population 

extinctions (Mihoub et al., 2011).  

Therefore, if using an SDM prior to translocation, practitioners should ask: is the current 

ecological data available for this species appropriate to the intended translocation goal? Likewise, 

if using an SDM post-release, practitioners should ask: is the habitat selection displayed by this 

species adaptive or maladaptive, and therefore should it be applied to future translocations? 

  

5.6.4 Multiple habitat use 
Environmental selection of sites for reintroduction must include all required habitats 

(IUCN/SSC, 2013). More broadly, the effectiveness of conserving mobile species depends on the 

conservation of all the required habitats (Runge et al., 2014). I posit that for warabin, selection of 

appropriate roosting habitat is more important than foraging habitat. The foraging maxent model 

was less sensitive than the roost model, with an AUC = 0.6 for foraging compared to AUC = 0.8 

for roosting. This indicates that foraging locations are more generalised than roosting sites, which 

require more specific habitat features. Additionally, warabin can forage in novel habitats, such as 
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agricultural properties and urban areas, whereas they do not roost in novel habitat. Furthermore, 

roosting site suitability is important for survival because it provides camouflage against diurnal 

predators (Johnson and Baker-Gabb, 1994). Appropriate camouflage resources are important 

when translocating camouflaging species; for example, a translocated population of shore skinks 

(Oligosoma smithi) had reduced from four colour-pattern types to a single colour-pattern type 

within one-year post-release (Baling et al., 2016). For warabin, tree cover (primarily canopy) 

provided protection from birds of prey. Likewise, the required habitats should be appropriately 

connected. If a required habitat is too far away from the other required habitats, it cannot be used 

effectively by the species. The maximum distance travelled by warabin between roosting and 

foraging in this study was 3.2km, but they can possibly travel further; anecdotally, captive-bred 

warabin released in NSW have flown up to 50km back to their natal home (J Lubke, pers comms, 

5th May 2019). Therefore, the distance between required habitats is probably not a limiting factor 

for warabin translocation success. Distance between habitats should be considered for other 

species, especially less mobile species.  

 

5.6.5 Habitat outside of the sanctuary 
The foraging maxent model predicted appropriate foraging habitat for warabin outside of the 

MFWS and GNR fences. This prediction is supported by the commuting of resident warabin over 

the fence. Warabin are regularly seen foraging in the suburb adjacent to MFWS (pers obs), 

however the value of these habitats may be much higher than previously thought. Residents often 

(50% of days) commute (up to 3.2km) from their roosting sites to favoured foraging locations. 

The foraging model located suitable areas in the suburbs west of MFWS because the resolution 

of the lidar data (5m) was sufficient to detect localised features, such as parks and gardens. 

Residents frequently commute to these small foraging sites via direct flights from their roost site. 

 

There are two main implications of warabin using areas outside the sanctuary: novel habitat-

use and spill-over. While warabin are out of the sanctuary, they use novel habitats such as 

playgrounds, parks, gardens, and agricultural properties, which is a promising sign that they can 

coexist with human land-uses. The northern populations of warabin are known to use non-natural 

habitats, including urban residential areas, football ovals and cemeteries; the latter of which adds 

to their ghostly reputation. It is advantageous for warabin to use novel habitats because much of 

their former range has already been converted from its natural state, of which the majority will 

never recover. Species that are sensitive to disturbance, habitat loss and degradation are more 

susceptible to becoming threatened, especially for woodland birds (Ford et al., 2001; Watson et 

al., 2003; Rayner et al., 2015; Bennett and Watson, 2016). Therefore, tolerance to novel habitats 

may improve the ability of warabin to be reintroduced into degraded parts of their former range.  
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Spill-over is where conservation benefits of protected areas extend outside their borders due 

to the dispersal of species residing within the conservation area (Moseby et al., 2020). Spillover 

is well-documented in marine protected areas (e.g. Russ and Alcala, 2011), but there are few 

empirical studies of spillover in terrestrial havens (Tanentzap and Lloyd, 2017; Moseby et al., 

2020; Smith et al., 2020). The benefit to non-target species is variable, depending on the species, 

permeability of the barrier, and types of threats experienced (Cozzi et al., 2013; Moseby et al., 

2020). Spill-over can be of individuals or their ecosystem functions. Birds (and other flying 

species) are particularly promising vectors for spill-over in fenced systems, because of their 

ability to disperse beyond the fence. For example, the abundance of bird-dispersed fruiting-trees 

increased in the landscape surrounding Orokonui Ecosanctuary in New Zealand (Tanentzap and 

Lloyd, 2017). Currently, there are few examples of the ecosystem effects of spill-over from fenced 

sanctuaries, because few have been established long enough to detect the benefits (Innes et al., 

2012; Smith et al., 2020). The potential spill-over benefits provided by warabin include trophic-

impacts and seed dispersal. Warabin are a mesopredator, mainly predating invertebrates, lizards 

and some small mammals (Marchant and Higgins, 1993). Apex predators have been emphasised 

as reintroduction candidates for restoration, due to the trophic cascades induced by their 

reintroduction (Ripple and Beschta, 2012; Alston et al., 2019). However, mesopredators can exert 

similarly substantial forces on ecosystems; which is demonstrated by trophic cascades following 

mesopredator release (Prugh et al., 2009; Ritchie and Johnson, 2009). Research is required into 

the reintroduction of mesopredators, and in this case, the role of warabin as a mesopredator.  

 

Another potential spill-over benefit of warabin is seed dispersal. Birds are known to disperse 

seeds, even when they are not eating them, because of seed adhesion to feathers (i.e. epizoochory, 

which is the external carrying of seeds, as opposed to endozoochory which is the internal carrying 

of seeds). Whilst epizoochory is less common than endozoochory (Costa et al., 2014), it is still a 

key mode of seed dispersal, which contributes to floral assemblages and genetic diversity (Nathan, 

2006; Traveset et al., 2014). However, epizoochory is non-specific, so birds can transfer weed 

species as well as natives, both out of and into the sanctuary; consequently, this is a potential 

negative ramification of spill-over that needs to be monitored. Likewise, birds can be vectors for 

diseases that could be brought into the sanctuary protected area, or into livestock, potentially 

causing a human-wildlife conflict. Further research is required to determine the ecosystem 

functions of warabin, how their reintroduction impacts MFWS, and whether these risks and 

benefits spill-over into the surrounding landscape. More generally, there are calls in the literature 

to assess spill-over effects now that many sanctuaries have been established long enough for these 

effects to be detected. MFWS is ideally positioned to investigate spill-over in an urban-adjacent 

setting. The potential for urban restoration using sanctuaries and reintroduction has been 

demonstrated in New Zealand (Clarkson and Kirby, 2016), and could be applied in Australia and 

beyond.  
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 Conclusion 

 

Translocation projects provide an opportunity to study a species when their ecology is poorly 

known prior to translocation. The initial reintroduction attempt can be used as trial, from which 

future releases are adapted. In this study, warabin were reintroduced into fenced intact habitat in 

their known former range, which provides an opportunity to determine their habitat selection and 

movement behaviours in the absence of confounding factors such as introduced predators (foxes 

and cats). The results of this study will help improve tactic selection for future releases.  

 

6.1 What are the environmental features that need to be 
selected or pre-conditioned to improve warabin 
reintroduction outcomes? 

 

Reintroduction decisions need to be evidence-based, and this study is the first to empirically 

test questions about warabin habitat selection to inform reintroduction efforts. I found warabin 

roosted in sites with moderate overstory cover (30-40%), some understory cover (>5%), and 

south-western facing slopes up to 30% inclination. Warabin foraged in sites with live, green 

vegetation (higher NDVI and lower CAI), deep soils (relative to local context; 80-90cm), with 

proximity to water. These habitat features can be remotely-sensed for candidate sites for future 

warabin translocations. Some of the habitat features (overstory cover, understory cover, and 

vegetation health) can be pre-conditioned. CWD is also important to warabin, but further research 

is required to determine the type or structure of debris preferred.  This is the first Australian case-

study of using a post-release SDM. Future translocations of warabin can use the results of this 

study to assess whether the recipient ecosystem has appropriate habitat features, and whether 

these features can be pre-conditioned to enhance translocation success. Other reintroduction 

projects of poorly known, cryptic and refugee species can use an initial translocation to develop 

an SDM and inform future translocation efforts.  

6.2 What are the post-release movement behaviours of 
reintroduced warabin and how do these relate to survival? 

 

Post-release dispersal can cause reintroduction failure but is assessed in less than one-third 

of studies (Le Gouar et al., 2012). I found warabin with moderate dispersal had improved survival, 

where moderate dispersal consists of movement away from the release site but remaining within 

the fenced area. Therefore, moderate dispersal, rather than minimal dispersal, is an appropriate 

strategy. Future research is required to determine the mechanisms causing dispersal. It is unclear 

whether dispersal itself relates to success, or whether dispersal is a proxy for other traits that relate 
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to success, such as boldness or appropriate foraging strategies. Reintroduction projects should 

assess post-release movement behaviours as this provides critical insights into whether the 

strategies adopted are appropriate for the target species. In this case, we can adapt “minimising 

dispersal” to “moderating dispersal”. GPS technology enables appropriate spatially and temporal 

resolution to answer questions about movement ecology in translocated species. More projects 

should consider their use, especially given GPS are becoming smaller, lighter weight, and more 

affordable.  

6.3 What is the approximate carrying-capacity of MFWS? 
 

The approximate carrying-capacity of MFWS was 90-100 pairs based on roost habitat and 

home-range sizes. When MFWS approaches capacity, it can be safely used as a source population 

for future translocations. If the carrying-capacity estimate is not reached, it may be due to other 

limiting factors, or because of population clustering. Long-term monitoring is essential for the 

management of this population. Estimation of carrying-capacity can be aided by SDM modelling 

of appropriate habitat.  



66 

 

References 

 

Abicair, K., Manning, A. D., Ford, F., Newport, J. and Banks, S. C., 2019. Habitat selection and 
genetic diversity of a reintroduced ‘refugee species’, Animal Conservation, 23(3): 330-
341.  

Akcakaya, H. R., Mills, M. and Doncaster, C., 2007. 'The Role of Metapopulations in 
Conservation', in David Macdonald, K. S. (ed) Key Topics in Conservation Biology, 
Vol. 1, Blackwell Publishing, pp. 64-84. 

Alonso, R., Orejas, P., Lopes, F. and Sanz, C., 2011. Pre-release training of juvenile little owls 
Athene noctua to avoid predation, ANIMAL BIODIVERSITY AND CONSERVATION, 
34(2): 389-393.  

Alston, J. M., Maitland, B. M., Brito, B. T., Esmaeili, S., Ford, A. T., Hays, B., Jesmer, B. R., 
Molina, F. J. and Goheen, J. R., 2019. Reciprocity in restoration ecology: When might 
large carnivore reintroduction restore ecosystems?, Biological Conservation, 234: 82-
89.  

Anderson, G., 1991. The breeding biology of the bush thick-knee 'Burhinus magnirostris' and 
notes on its distribution in the Brisbane area, Sunbird: The Journal of the Queensland 
Ornithological Society, 21(2): 33.  

Antos, M. and Schultz, N. L., 2019. Climate-mediated changes to grassland structure determine 
habitat suitability for the critically endangered plains-wanderer (Pedionomus 
torquatus), Emu - Austral Ornithology, 120(1): 2-10.  

Armstrong, D. P., 2005. Integrating the Metapopulation and Habitat Paradigms for 
Understanding Broad-Scale Declines of Species, Conservation Biology, 19(5): 1402-
1410.  

Armstrong, D. P. and Seddon, P. J., 2008. Directions in reintroduction biology, Trends in 
Ecology & Evolution, 23(1): 20-25.  

Aubry, K. B., Raley, C. M. and McKelvey, K. S., 2017. The importance of data quality for 
generating reliable distribution models for rare, elusive, and cryptic species, PloS one, 
12(6): e0179152.  

Austin, M., 2007. Species distribution models and ecological theory: A critical assessment and 
some possible new approaches, Ecological Modelling, 200(1-2): 1-19.  

Baling, M., Stuart-Fox, D., Brunton, D. H. and Dale, J., 2016. Habitat suitability for 
conservation translocation: The importance of considering camouflage in cryptic 
species, Biological Conservation, 203: 298-305.  

Banks, P. B. and Dickman, C. R., 2007. Alien predation and the effects of multiple levels of 
prey naivete, Trends Ecol Evol, 22(5): 229-230; author reply 230-221.  

Banks, P. B., Norrdahl, K. and Korpimäki, E., 2002. Mobility decisions and the predation risks 
of reintroduction, Biological Conservation, 103(2): 133-138.  

Barnosky, A. D., Hadly, E. A., Bascompte, J., Berlow, E. L., Brown, J. H., Fortelius, M., Getz, 
W. M., Harte, J., Hastings, A., Marquet, P. A., Martinez, N. D., Mooers, A., 
Roopnarine, P., Vermeij, G., Williams, J. W., Gillespie, R., Kitzes, J., Marshall, C., 
Matzke, N., Mindell, D. P., Revilla, E. and Smith, A. B., 2012. Approaching a state 
shift in Earth's biosphere, Nature, 486(7401): 52-58.  

Barton, P. S., Weaver, H. J. and Manning, A. D., 2014. Contrasting diversity dynamics of 
phoretic mites and beetles associated with vertebrate carrion, Exp Appl Acarol, 63(1): 1-
13.  

Batson, W. G., Gordon, I. J., Fletcher, D. B. and Manning, A. D., 2015a. The effect of pre-
release captivity on post-release performance in reintroduced eastern bettongs Bettongia 
gaimardi, Oryx, 50(4): 664-673.  

Batson, W. G., Gordon, I. J., Fletcher, D. B., Manning, A. D. and Hayward, M., 2015b. 
Translocation tactics: a framework to support the IUCN Guidelines for wildlife 
translocations and improve the quality of applied methods, Journal of Applied Ecology, 
52(6): 1598-1607.  



67 

 

Bennett, A. F. and Watson, D. M., 2011. Declining woodland birds-is our science making a 
difference?, Emu - Austral Ornithology, 111(1): i-vi.  

Bennett, A. F. and Watson, D. M., 2016. Declining woodland birds—is our science making a 
difference?, Emu - Austral Ornithology, 111(1): i-vi.  

Bennett, V. A., Doerr, V. A., Doerr, E. D., Manning, A. D., Lindenmayer, D. B. and Yoon, H. 
J., 2013a. Habitat selection and behaviour of a reintroduced passerine: linking 
experimental restoration, behaviour and habitat ecology, PloS one, 8(1): e54539.  

Bennett, V. A., Doerr, V. A. J., Doerr, E. D., Manning, A. D. and Lindenmayer, D. B., 2012. 
The anatomy of a failed reintroduction: a case study with the Brown Treecreeper, Emu - 
Austral Ornithology, 112(4): 298-312.  

Bennett, V. A., Doerr, V. A. J., Doerr, E. D., Manning, A. D., Lindenmayer, D. B. and Yoon, 
H.-J., 2013b. Causes of reintroduction failure of the brown treecreeper: Implications for 
ecosystem restoration, Austral Ecology, 38(6): 700-712.  

Bennison, A., Bearhop, S., Bodey, T. W., Votier, S. C., Grecian, W. J., Wakefield, E. D., 
Hamer, K. C. and Jessopp, M., 2018. Search and foraging behaviors from movement 
data: A comparison of methods, Ecol Evol, 8(1): 13-24.  

Berger-Tal, O., Bar-David, S. and Saltz, D., 2012. Effectiveness of multiple release sites in 
reintroduction of Persian fallow deer, Conserv Biol, 26(1): 107-115.  

Berger-Tal, O., Polak, T., Oron, A., Lubin, Y., Kotler, B. P. and Saltz, D., 2011. Integrating 
animal behavior and conservation biology: a conceptual framework, Behavioral 
Ecology, 22(2): 236-239.  

Bernardo, C. S. S., Lloyd, H., Olmos, F., Cancian, L. F. and Galetti, M., 2011. Using post-
release monitoring data to optimize avian reintroduction programs: a 2-year case study 
from the Brazilian Atlantic Rainforest, Animal Conservation, 14(6): 676-686.  

BirdLife International, 2016. In The IUCN Red List of Threatened Species 2016. 
Bivand, R. and Rundel, C., 2012. rgeos: Interface to Geometry Engine-Open Source (GEOS). R 

package version 0.2-2.  
Blumstein, D. T., Letnic, M. and Moseby, K. E., 2019. In situ predator conditioning of naive 

prey prior to reintroduction, Philosophical transactions. Biological sciences, 374(1781): 
20180058.  

Bogliani, G., Viterbi, R. and Nicolino, M., 2011. Habitat Use by a Reintroduced Population of 
Bearded Vultures (Gypaetus barbatus) in the Italian Alps, Journal of Raptor Research, 
45(1): 56-62.  

Bongaarts, J., 2019. Vol. 45 Wiley Subscription Services, Inc, pp. 680-681. 
Bradley, D. W., Molles, L. E., Valderrama, S. V., King, S. and Waas, J. R., 2012. Factors 

affecting post-release dispersal, mortality, and territory settlement of endangered 
kokako translocated from two distinct song neighborhoods, Biological Conservation, 
147(1): 79-86.  

Bradley, D. W., Ninnes, C. E., Valderrama, S. V. and Waas, J. R., 2011. Does 'acoustic 
anchoring' reduce post-translocation dispersal of North Island robins?, Wildlife 
Research, 38(1): 69-76.  

Bradshaw, C. J., Sims, D. W. and Hays, G. C., 2007. Measurement error causes scale-dependent 
threshold erosion of biological signals in animal movement data, Ecol Appl, 17(2): 628-
638.  

Bradshaw, C. J. A., 2012. Little left to lose: deforestation and forest degradation in Australia 
since European colonization, Journal of Plant Ecology, 5(1): 109-120.  

Bremner-Harrison, S., Prodohl, P. A. and Elwood, R. W., 2004. Behavioural trait assessment as 
a release criterion: boldness predicts early death in a reintroduction programme of 
captive-bred swift fox (Vulpes velox), Animal Conservation, 7(3): 313-320.  

Brooks, M., Kristensen, K., van Benthem, K., Magnusson, A., Berg, C. W., Nielsen, A., Skaug, 
H., Mächler, M. and Bolker, B., 2017. glmmTMB balances speed and flexibility among 
packages for zero-inflated generalized linear mixed modeling, R Journal, 9: 378-400.  

Brown, A., 2020. Canberra air quality: more than a third of all summer days had hazardous air 
quality, The Canberra Time,    

Brown, J. L., 1969. Territorial Behavior and Population Regulation in Birds: A Review and Re-
Evaluation, The Wilson Bulletin, 81(3): 293-329.  



68 

 

Buchin, M., Driemel, A., van Kreveld, M. and Sacristán, V., 2010. An algorithmic framework 
for segmenting trajectories based on spatio-temporal criteria, 18th ACM SIGSPATIAL 
International Symposium on Advances in Geographic Information Systems, San Jose, 
CA, USA. ACM. 

Burbidge, A. A. and McKenzie, N. L., 1989. Patterns in the modern decline of western 
Australia's vertebrate fauna: Causes and conservation implications, Biological 
Conservation, 50(1-4): 143-198.  

Bureau of Meteorology, 2020. Climate statistics for Australian locations. Station: 070014,  
(accessed 31/03/2020). 

Burnham, K. P. and Anderson, D. R., 2002. Model selection and multimodel inference: a 
practical information-theoretic approach, Springer, New York. 

Burnside, R. J., Collar, N. J. and Dolman, P. M., 2017. Comparative migration strategies of wild 
and captive-bred Asian Houbara Chlamydotis macqueenii, Ibis, 159(2): 374-389.  

Burt, W. H., 1943. Territoriality and Home Range Concepts as Applied to Mammals, Journal of 
Mammalogy, 24(3): 346-352.  

Butchart, S. H. M., Stattersfield, A. J. and Collar, N. J., 2006. How many bird extinctions have 
we prevented?, Oryx, 40(3): 266-278.  

Cagnacci, F., Boitani, L., Powell, R. A. and Boyce, M. S., 2010. Animal ecology meets GPS-
based radiotelemetry: a perfect storm of opportunities and challenges, Philos Trans R 
Soc Lond B Biol Sci, 365(1550): 2157-2162.  

Calenge, C., 2006. The package "adehabitat" for the R software : A tool for the analysis of 
space and habitat use by animals, Ecol Model, 197.  

Cameron, A. C. and Trivedi, P. K., 2007. Regression Analysis of Count Data, Cambridge 
University Press - M.U.A, GB. 

Canessa, S., Guillera-Arroita, G., Lahoz-Monfort, J. J., Southwell, D. M., Armstrong, D. P., 
Chadès, I., Lacy, R. C. and Converse, S. J., 2016. Adaptive management for improving 
species conservation across the captive-wild spectrum, Biological Conservation, 199: 
123-131.  

Carter, A., 2010. 'Thesis: Improving red fox management for bush stone-curlew conservation in 
south-eastern Australia', School of Environmental Sciences, Charles Sturt University, 
Wagga Wagga, Australia.  

Ceballos, G. and Ehrlich, P. R., 2002. Mammal population losses and the extinction crisis, 
SCIENCE, 296(5569): 904-907.  

Clarke, M. F. and Schedvin, N., 1997. An experimental study of the translocation of noisy 
miners Manorina melanocephala and difficulties associated with dispersal, Biological 
Conservation, 80(2): 161-167.  

Clarke, R. H., Boulton, R. L. and Clarke, M. F., 2003. Translocation of the socially complex 
black-eared Miner Manorina melanotis: A trial using hard and soft release techniques, 
Pacific Conservation Biology, 8(4): 223-234.  

Clarkson, B. D. and Kirby, C. L., 2016. Ecological restoration in urban environments in New 
Zealand, Ecological Management & Restoration, 17(3): 180-190.  

Corlett, R. T., 2016. Restoration, Reintroduction, and Rewilding in a Changing World, Trends 
Ecol Evol, 31(6): 453-462.  

Costa, J. M., Ramos, J. A., da Silva, L. P., Timoteo, S., Araújo, P. M., Felgueiras, M. S., Rosa, 
A., Matos, C., Encarnação, P., Tenreiro, P. Q. and Heleno, R. H., 2014. Endozoochory 
largely outweighs epizoochory in migrating passerines, Journal of Avian Biology, 45(1): 
59-64.  

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, 
S., O'Neill, R. V., Paruelo, J., Raskin, R. G., Sutton, P. and van den Belt, M., 1997. The 
value of the world's ecosystem services and natural capital, Nature, 387(6630): 253-
260.  

Cozzi, G., Broekhuis, F., McNutt, J. W. and Schmid, B., 2013. Comparison of the effects of 
artificial and natural barriers on large African carnivores: implications for interspecific 
relationships and connectivity, J Anim Ecol, 82(3): 707-715.  

Cromsigt, J. P. G. M., Kerley, G. I. H., Kowalczyk, R. and Roura-Pascual, N., 2012. The 
difficulty of using species distribution modelling for the conservation of refugee species 
- the example of European bison, Diversity and Distributions, 18(12): 1253-1257.  



69 

 

Dallimer, M., Skinner, A. M. J., Davies, Z. G., Armsworth, P. R. and Gaston, K. J., 2012. 
Multiple habitat associations: the role of offsite habitat in determining onsite avian 
density and species richness, Ecography, 35(2): 134-145.  

Daughtry, C. S. T., 2001. Discriminating Crop Residues from Soil by Shortwave Infrared 
Reflectance, Agronomy Journal, 93(1): 125-131.  

Dawson, T. P., Jackson, S. T., House, J. I., Prentice, I. C. and Mace, G. M., 2011. Beyond 
predictions: biodiversity conservation in a changing climate, SCIENCE, 332(6025): 53-
58.  

de Milliano, J., Di Stefano, J., Courtney, P., Temple-Smith, P. and Coulson, G., 2016. Soft-
release versus hard-release for reintroduction of an endangered species: an experimental 
comparison using eastern barred bandicoots (Perameles gunnii), Wildlife Research, 
43(1): 1-12.  

Dickman, C. R., 1996. Impact of exotic generalist predators on the native fauna of Australia, 
Wildlife Biology, 2(1): 185-195.  

Doligez, B., Thomson, D. L. and Van Noordwijk, A. J., 2004. Using large-scale data analysis to 
assess life history and behavioural traits: the case of the reintroduced White stork 
Ciconia ciconia population in the Netherlands, ANIMAL BIODIVERSITY AND 
CONSERVATION, 27(1): 387-402.  

Draper, D., Marques, I. and Iriondo, J. M., 2019. Species distribution models with field 
validation, a key approach for successful selection of receptor sites in conservation 
translocations, Global Ecology and Conservation, 19: e00653.  

Elith, J. and Graham, C. H., 2009. Do they? How do they? WHY do they differ? On finding 
reasons for differing performances of species distribution models, Ecography, 32(1): 
66-77.  

Elith, J. and Leathwick, J. R., 2009. Species Distribution Models: Ecological Explanation and 
Prediction Across Space and Time, Annual Review of Ecology, Evolution, and 
Systematics, 40(1): 677-697.  

Elith, J., Phillips, S. J., Hastie, T., Dudík, M., Chee, Y. E. and Yates, C. J., 2011. A statistical 
explanation of MaxEnt for ecologists, Diversity and Distributions, 17(1): 43-57.  

Elton, C. S., 1966. The pattern of animal communities, Methuen, London. 
Evans, M. J., Newport, J. S. and Manning, A. D., 2019. A long-term experiment reveals 

strategies for the ecological restoration of reptiles in scattered tree landscapes, 
Biodiversity and Conservation, 28(11): 2825-2843.  

Ferrer, M., Morandini, V., Baguena, G., Newton, I. and Thompson, D., 2018. Reintroducing 
endangered raptors: A case study of supplementary feeding and removal of nestlings 
from wild populations, Journal of Applied Ecology, 55(3): 1360-1367.  

Fieberg, J. and Börger, L., 2012. Could you please phrase “home range” as a question?, Journal 
of Mammalogy, 93(4): 890-902.  

Fischer, J. and Lindenmayer, D. B., 2000. An assessment of the published results of animal 
relocations, Biological Conservation, 96(Generic): 1-11.  

Fischer, J. and Lindenmayer, D. B., 2007. Landscape modification and habitat fragmentation: a 
synthesis, Global Ecology and Biogeography, 16(3): 265-280.  

Fleming, P. A., Anderson, H., Prendergast, A. S., Bretz, M. R., Valentine, L. E. and Hardy, G. 
E. S., 2014. Is the loss of Australian digging mammals contributing to a deterioration in 
ecosystem function?, Mammal Review, 44(2): 94-108.  

Ford, H. A., 2011. The causes of decline of birds of eucalypt woodlands: advances in our 
knowledge over the last 10 years, Emu - Austral Ornithology, 111(1): 1-9.  

Ford, H. A., Barrett, G. W., Saunders, D. A. and Recher, H. F., 2001. Why have birds in the 
woodlands of Southern Australia declined?, Biological Conservation, 97(1): 71-88.  

Gariepy, J. F., Watson, K. K., Du, E., Xie, D. L., Erb, J., Amasino, D. and Platt, M. L., 2014. 
Social learning in humans and other animals, Front Neurosci, 8(58): 58.  

Garnett, S., Szabó, J., Dutson, G. C. L. and Birds, A., 2011. The action plan for Australian birds 
2010, CSIRO Publishing, Collingwood, Vic. 

Gates, J. A., 2001. 'An ecological study of Bush stone-curlews Burhinus grallarius on Kangaroo 
Island, South Australia',  



70 

 

Gates, J. A. and Paton, D. C., 2016. The distribution of Bush Stone-curlews (Burhinus 
grallarius) in South Australia, with particular reference to Kangaroo Island, Emu - 
Austral Ornithology, 105(3): 241-247.  

Services, D. o. P., 2019–20 Australian bushfires—frequently asked questions: a quick guide,  
Gregory, N. G. and Robins, J. K., 2010. A body condition scoring system for layer hens, New 

Zealand Journal of Agricultural Research, 41(4): 555-559.  
Griffin, A. S., Blumstein, D. T. and Evans, C. S., 2000. Training Captive-Bred or Translocated 

Animals to Avoid Predators, Conservation Biology, 14(5): 1317-1326.  
Guerschman, J. P., Hill, M. J., Renzullo, L. J., Barrett, D. J., Marks, A. S. and Botha, E. J., 

2009. Estimating fractional cover of photosynthetic vegetation, non-photosynthetic 
vegetation and bare soil in the Australian tropical savanna region upscaling the EO-1 
Hyperion and MODIS sensors, Remote Sensing of Environment, 113(5): 928-945.  

Gurarie, E., Bracis, C., Delgado, M., Meckley, T. D., Kojola, I. and Wagner, C. M., 2016. What 
is the animal doing? Tools for exploring behavioural structure in animal movements, J 
Anim Ecol, 85(1): 69-84.  

Gusset, M., Slotow, R. and Somers, M. J., 2006. Divided we fail: the importance of social 
integration for the re-introduction of endangered African wild dogs (Lycaon pictus), 
Journal of Zoology, 270(3): 502-511.  

Hale, S. L. and Koprowski, J. L., 2018. Ecosystem-level effects of keystone species 
reintroduction: a literature review, Restoration Ecology, 26(3): 439-445.  

Hamonts, K., Bissett, A., Macdonald, B. C. T., Barton, P. S., Manning, A. D. and Young, A., 
2017. Effects of ecological restoration on soil microbial diversity in a temperate grassy 
woodland, Applied Soil Ecology, 117-118: 117-128.  

Hardouin, L. A., Robert, A., Nevoux, M., Gimenez, O., Lacroix, F., Hingrat, Y. and Pettorelli, 
N., 2014. Meteorological conditions influence short-term survival and dispersal in a 
reinforced bird population, Journal of Applied Ecology, 51(6): 1494-1503.  

Hebblewhite, M. and Haydon, D. T., 2010. Distinguishing technology from biology: a critical 
review of the use of GPS telemetry data in ecology, Philos Trans R Soc Lond B Biol 
Sci, 365(1550): 2303-2312.  

Heezik, Y. v., Seddon, P. J. and Maloney, R. F., 1999. Helping reintroduced houbara bustards 
avoid predation: effective anti-predator training and the predictive value of pre-release 
behaviour, Animal Conservation, 2(3): 155-163.  

Herrod, A., 2018. Trialling a method of attaching GPS satellite tracking devices to captive bush 
stone-curlews, Moonlit Sanctuary,   

Hijmans, R. J. and Etten, J. v., 2012. 
Hobbs, R. J., Arico, S., Aronson, J., Baron, J. S., Bridgewater, P., Cramer, V. A., Epstein, P. R., 

Ewel, J. J., Klink, C. A., Lugo, A. E., Norton, D., Ojima, D., Richardson, D. M., 
Sanderson, E. W., Valladares, F., Vila, M., Zamora, R. and Zobel, M., 2006. Novel 
ecosystems: theoretical and management aspects of the new ecological world order, 
Global Ecology and Biogeography, 15(1): 1-7.  

Hobbs, R. J., Hallett, L. M., Ehrlich, P. R. and Mooney, H. A., 2011. Intervention Ecology: 
Applying Ecological Science in the Twenty-first Century, BioScience, 61(6): 442-450.  

Hochachka, W. M., Caruana, R., Fink, D., Munson, A. R. T., Riedewald, M., Sorokina, D. and 
Kelling, S., 2007. Data-Mining Discovery of Pattern and Process in Ecological 
Systems, Journal of Wildlife Management, 71(7): 2427-2437.  

Hurford, A., 2009. GPS measurement error gives rise to spurious 180 degree turning angles and 
strong directional biases in animal movement data, PloS one, 4(5): e5632.  

Innes, J., Lee, W. G., Burns, B., Campbell-Hunt, C., Watts, C., Phipps, H. and Stephens, T., 
2012. Role of predator-proof fences in restoring New Zealand's biodiversity: a response 
to Scofield et al. (2011), New Zealand Journal of Ecology, 36(2): 232-238.  

Ireland, L., Zabek, M., Galindez-Silva, C., Weir, S., West, R., Olds, L., Backhouse, B., Copley, 
P. and Read, J., 2018. More than just the animals: opportunities and costs of 
reintroducing threatened black-footed rock-wallabies to remote Indigenous land, Pacific 
Conservation Biology, 24(4): 388-396.  

IUCN/SSC, 2013. Guidelines for Reintroductions and Other Conservation Translocations., 
IUCN Species Survival Commission, Gland, Switzerland.   



71 

 

Jaakkonen, T., Kivelä, S. M., Meier, C. M. and Forsman, J. T., 2015. The use and relative 
importance of intraspecific and interspecific social information in a bird community, 
Behavioral Ecology, 26(1): 55-64.  

Jackson, M. V., Carrasco, L. R., Choi, C. Y., Li, J., Ma, Z., Melville, D. S., Mu, T., Peng, H. B., 
Woodworth, B. K., Yang, Z., Zhang, L. and Fuller, R. A., 2019. Multiple habitat use by 
declining migratory birds necessitates joined-up conservation, Ecol Evol, 9(5): 2505-
2515.  

James, A. I. and Eldridge, D. J., 2007. Reintroduction of fossorial native mammals and potential 
impacts on ecosystem processes in an Australian desert landscape, Biological 
Conservation, 138(3-4): 351-359.  

Johnson, G. and Baker-Gabb, D., 1994. The Bush Thick-knee in Northern Victoria (Part 1): 
Conservation and Management, Arthur Rydah Institute for Environmental Research, 
Heidelberg, Victoria.   

Johnson, G. A., Baker-Gabb, D. J. and Webster, R., 1994. The Bush Thick-knee in Northern 
Victoria, Department of Conservation and Natural Resources, Victoria,  

California Department of Fish and Game, B., CA., Modelling Sierra Nevada Bighorn Sheep 
habitat: applying resource selection functions to species recovery. ,  

Johnson, T. F., Brown, T. J., Richardson, D. S. and Dugdale, H. L., 2017. The importance of 
post-translocation monitoring of habitat use and population growth: insights from a 
Seychelles Warbler (Acrocephalus sechellensis) translocation, Journal of Ornithology, 
159(2): 439-446.  

Jule, K. R., Leaver, L. A. and Lea, S. E. G., 2008. The effects of captive experience on 
reintroduction survival in carnivores: A review and analysis, Biological Conservation, 
141(2): 355-363.  

Jurczyszyn, M., 2006. The use of space by translocated edible dormice, Glis glis (L.), at the site 
of their original capture and the site of their release: Radio-tracking method applied in a 
reintroduction experiment, Polish Journal of Ecology, 54(3): 345-350.  

Karl, B. J. and Clout, M. N., 1987. An improved radiotransmitter harness with a weak link to 
prevent snagging, Journal of Field Ornithology, 58(1): 73-77.  

Kemp, L., G, N., R, G. and Comer, S., 2015. 'The roles of trials and experiments in fauna 
reintroduction programs', in Armstrong DP, H. M., Moro D, Seddon PJ (ed) Advances 
in Reintroduction Biology of Australian and New Zealand Fauna, CSIRO Publishing, 
Collingwood, Victoria, pp. 73-89. 

Kemp, L. and Roshier, D., 2016. 'A trial of release protocols for re-introduction of the bush 
stone-curlew to southern Australia', in Soorae, P. (ed) Global Reintroduction 
Perspectives 2016: Case Studies from Around the Globe, IUCN, Gland, Switzerland, 
pp. 117-122. 

Kerley, G. I. H., Kowalczyk, R. and Cromsigt, J. P. G. M., 2012. Conservation implications of 
the refugee species concept and the European bison: king of the forest or refugee in a 
marginal habitat?, Ecography, 35(6): 519-529.  

Knox, C. D., Jarvie, S., Easton, L. J. and Monks, J. M., 2017. Soft-Release, but Not Cool Winter 
Temperatures, Reduces Post-Translocation Dispersal of Jewelled Geckos, Journal of 
Herpetology, 51(4): 490-496.  

Kuemmerle, T., Hickler, T., Olofsson, J., Schurgers, G., Radeloff, V. C. and Roura-Pascual, N., 
2012. Refugee species: which historic baseline should inform conservation planning?, 
Diversity and Distributions, 18(12): 1258-1261.  

Labocha, M. K. and Hayes, J. P., 2011. Morphometric indices of body condition in birds: a 
review, Journal of Ornithology, 153(1): 1-22.  

Lassau, S. A. and Hochuli, D. F., 2008. Testing predictions of beetle community patterns 
derived empirically using remote sensing, Diversity and Distributions, 14(1): 138-147.  

Laven, N. H. and Mac Nally, R. C., 1998. Association of birds with fallen timber in box-
ironbark forest of central Victoria, Corella: 56-60.  

Law, A., Gaywood, M. J., Jones, K. C., Ramsay, P. and Willby, N. J., 2017. Using ecosystem 
engineers as tools in habitat restoration and rewilding: beaver and wetlands, Science of 
the Total Environment, 605-606: 1021-1030.  

Le Gouar, P., Mihoub, J. B. and Sarrazin, F., 2012. 'Dispersal and habitat selection: behavioural 
and spatial constraints for animal translocations', in Seddon, J. G. E. D. P. A. K. A. P. P. 



72 

 

J. (ed) Reintroduction biology: integrating science and management, Blackwell 
Publishing, pp. 138-164. 

Le Gouar, P., Robert, A., Choisy, J. P., Henriquet, S., Lecuyer, P., Tessier, C. and Sarrazin, F., 
2008. Roles of survival and dispersal in reintroduction success of Griffon vulture (Gyps 
fulvus), Ecological Applications, 18(4): 859-872.  

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., Copley, 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. and 
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, Wildlife Research, 45(7): 627.  

Lepschi, B. J., 1993. Vegetation of Mulligans Flat A.C.T., Cunninghamia, 3(1): 155-166.  
Lipsey, M. K. and Child, M. F., 2007. Combining the fields of reintroduction biology and 

restoration ecology, Conserv Biol, 21(6): 1387-1390.  
Long, J. A., Nelson, T. A., Webb, S. L. and Gee, K. L., 2014. A critical examination of indices 

of dynamic interaction for wildlife telemetry studies, J Anim Ecol, 83(5): 1216-1233.  
MacArthur, R. H. and Pianka, E. R., 1966. On Optimal Use of a Patchy Environment, The 

American Naturalist, 100(916): 603-609.  
Manning, A., Wood, J., Cunningham, R., McIntyre, S., Shorthouse, D., Gordon, I. and 

Lindenmayer, D., 2011. Integrating research and restoration: the establishment of a 
long-term woodland experiment in south-eastern Australia, Australian Zoologist, 35(3): 
633-648.  

Manning, A. D., Cunningham, R. B. and Lindenmayer, D. B., 2013. Bringing forward the 
benefits of coarse woody debris in ecosystem recovery under different levels of grazing 
and vegetation density, Biological Conservation, 157: 204-214.  

Manning, A. D., Cunningham, R. B., Tongway, D. and Lindenmayer, D. B., 2020. Woodlands 
and woody debris: Understanding structure and composition to inform restoration, PloS 
one, 15(3): e0224258.  

Marchant, S. and Higgins, P. J., 1993. 'Burhinus grallarius; bush thick-knee', in Higgins, S. M. 
a. P. J. (ed) Handbook of Australian, New Zealand and Antarctic Birds: Volume 2 
Raptors to Lapwings, Vol. 2, Oxford University Press, Melbourne, Australia, pp. 696-
707. 

Massaro, M., Chick, A., Kennedy, E. S. and Whitsed, R., 2018. Post-reintroduction distribution 
and habitat preferences of a spatially limited island bird species, Animal Conservation, 
21(1): 54-64.  

May, T. M., Page, M. J. and Fleming, P. A., 2016. Predicting survivors: animal temperament 
and translocation, Behavioral Ecology, 27(4): 969-977.  

McCarthy, M. A., Armstrong, D. P. and Runge, M. C., 2012. 'Adaptive Management of 
Reintroduction', in Doug P. Armstrong, J. G. E., Kevin A. Parker (ed) Reintroduction 
Biology, Vol. 1, Blackwell Publishing ltd, John Wiley & Sons, UK, pp. 256-289. 

McCullough, D. R., 1996. Metapopulations and wildlife conservation, Island Press,  
McDuie, F., Casazza, M. L., Overton, C. T., Herzog, M. P., Hartman, C. A., Peterson, S. H., 

Feldheim, C. L. and Ackerman, J. T., 2019. GPS tracking data reveals daily spatio-
temporal movement patterns of waterfowl, Mov Ecol, 7(1): 6.  

McGinness, H., 2020. Harness designs for fitting satellite transmitters to birds, Land and 
Water, CSIRO, Canberra, Australia.   

McIntyre, S., Stol, J., Harvey, J., Nicholls, A. O., Campbell, M., Reid, A., Manning, A. and 
Lindenmayer, D. B., 2010. Biomass and floristic patterns in the ground layer vegetation 
of box-gum grassy eucalypt woodland in Goorooyarroo and Mulligans Flat Nature 
Reserves, Australian Capital Territory.  

Midena, K., 2020. Native Australian smoky mouse becomes first species to be killed from 
bushfire smoke inhalation, ABC,    

Mihoub, J. B., Robert, A., Le Gouar, P. and Sarrazin, F., 2011. Post-release dispersal in animal 
translocations: social attraction and the "vacuum effect", PloS one, 6(12): e27453.  



73 

 

Miller, K. A., Bell, T. P. and Germano, J. M., 2014. Understanding publication bias in 
reintroduction biology by assessing translocations of New Zealand's herpetofauna, 
Conserv Biol, 28(4): 1045-1056.  

Miranda, E. B. P., Menezes, J. F. S., Farias, C. C. L., Munn, C. and Peres, C. A., 2019. Species 
distribution modeling reveals strongholds and potential reintroduction areas for the 
world's largest eagle, PloS one, 14(5): e0216323.  

Miskelly, C. M. and Powlesland, R. G., 2013. Conservation translocations of New Zealand 
birds, 1863-2012, Notornis, 60(1).  

Mitchell, A. M., Wellicome, T. I., Brodie, D. and Cheng, K. M., 2011. Captive-reared 
burrowing owls show higher site-affinity, survival, and reproductive performance when 
reintroduced using a soft-release, Biological Conservation, 144(5): 1382-1391.  

Moehrenschlager, A., Shier, D. M., Moorhouse, T. P. and Stanley Price, M. R., 2013. 'Righting 
past wrongs and ensuring the future', Key Topics in Conservation Biology 2, pp. 405-
429. 

Molloy, S. W., Davis, R. A., Dunlop, J. A. and van Etten, E. J. B., 2017. Applying surrogate 
species presences to correct sample bias in species distribution models: a case study 
using the Pilbara population of the Northern Quoll, Nature Conservation, 18(18): 25-
46.  

Morandini, V. and Ferrer, M., 2017. How to plan reintroductions of long-lived birds, PloS one, 
12(4): e0174186.  

Moseby, K. E., Cameron, A. and Crisp, H. A., 2012. Can predator avoidance training improve 
reintroduction outcomes for the greater bilby in arid Australia?, Animal Behaviour, 
83(4): 1011-1021.  

Moseby, K. E., Hill, B. M. and Lavery, T. H., 2014. Tailoring release protocols to individual 
species and sites: one size does not fit all, PloS one, 9(6): e99753.  

Moseby, K. E., McGregor, H., Hill, B. M. and Read, J. L., 2020. Exploring the internal and 
external wildlife gradients created by conservation fences, Conserv Biol, 34(1): 220-
231.  

Munro, N. T., McIntyre, S., Macdonald, B., Cunningham, S. A., Gordon, I. J., Cunningham, R. 
B. and Manning, A. D., 2019. Returning a lost process by reintroducing a locally extinct 
digging marsupial, PeerJ, 7: e6622.  

Murialdo, G., Kleisner, K., Wolfenden, J. and Old, J., 2015. Habitat preferences of an 
endangered species in developing landscapes: the Bush Stone-curlew on the central 
coast of New South Wales, Australia, Australian Zoologist, 37(3): 294-301.  

Nathan, R., 2006. Long-distance dispersal of plants, SCIENCE, 313(5788): 786-788.  
Newbold, T., Hudson, L. N., Arnell, A. P., Contu, S., De Palma, A., Ferrier, S., Hill, S. L., 

Hoskins, A. J., Lysenko, I., Phillips, H. R., Burton, V. J., Chng, C. W., Emerson, S., 
Gao, D., Pask-Hale, G., Hutton, J., Jung, M., Sanchez-Ortiz, K., Simmons, B. I., 
Whitmee, S., Zhang, H., Scharlemann, J. P. and Purvis, A., 2016. Has land use pushed 
terrestrial biodiversity beyond the planetary boundary? A global assessment, SCIENCE, 
353(6296): 288-291.  

Osborne, P. E. and Seddon, P. J., 2012. 'Selecting suitable habitats of reintroductions: Variation, 
change and the role of species distribution modelling', in John G. Ewen, D. P. A., Kevin 
A. Parker (ed) Reintroduction Biology: Integrating Science and Management, 
Blackwell Publishing, New Jersey. 

Pairah, Santosa, Y., Prasetyo, L. B. and Mustari, A. H., 2015. Home range and habitat use of 
reintroduced Javan Deer in Panaitan Island, Ujung Kulon National Park, Journal of 
Asia-Pacific Biodiversity, 8(3): 203-209.  

Pascale, M., Dickinson, K. J. M., Barratt, B. I. P. and Jamieson, I. G., 2010. Habitat selection in 
reintroduced bird populations: a case study of Stewart Island robins and South Island 
saddlebacks on Ulva Island, New Zealand Journal of Ecology, 34(2): 237-246.  

Pebesma, E. and Bivand, R. S., 2005. Classes and methods for spatial data in R, R News, 5(2): 
9-13.  

Phillips, S. J., Anderson, R. P. and Schapire, R. E., 2006. Maximum entropy modeling of 
species geographic distributions, Ecological Modelling, 190(3-4): 231-259.  

Pimm, S. L., Russell, G. J., Gittleman, J. L. and Brooks, T. M., 1995. The future of biodiversity, 
SCIENCE, 269(5222): 347-350.  



74 

 

Powell, R., 2000. 'Home ranges, territories, and home range estimators', in Boitani, L. and 
Fuller, T. (eds), Research techniques in animal ecology: controversies and 
consequences, Columbia University Press, New York;Chichester;. 

Conservation, D. o. E. a., NSW Recovery Plan for the Bush Stone-curlew Burhinus grallarius,  
Price, C. J., Morris, A., Staines, G., Payne, R. and Smith, J., 2018. Leaving home but nowhere 

to go: lessons learnt from almost two decades of Bush Stone-curlew Burhinus grallarius 
monitoring on the Central Coast of NSW, Australian Zoologist, 39(4): 769-783.  

Prugh, L. R., Stoner, C. J., Epps, C. W., Bean, W. T., Ripple, W. J., Laliberte, A. S. and 
Brashares, J. S., 2009. The Rise of the Mesopredator, BioScience, 59(9): 779-791.  

Pullin, A. S. and Knight, T. M., 2001. Effectiveness in Conservation Practice: Pointers from 
Medicine and Public Health, Conservation Biology, 15(1): 50-54.  

R Core Team, 2020. In version 3.6.3 (2020-02-29) -- "Holding the Windsock" R Foundation for 
Statistical Computing, Vienna, Austria. 

R. Towns, D., Simberloff, D. and A. E. Atkinson, I., 1997. Restoration of New Zealand islands: 
redressing the effects of introduced species, Pacific Conservation Biology, 3(2): 99.  

Rajakaruna, N. and Boyd, R. S., 2019. 'Edaphic Factor', in Fath, B. (ed) Encyclopedia of 
Ecology, Elsevier, Oxford, pp. 361-367. 

Rayner, L., Ikin, K., Evans, M. J., Gibbons, P., Lindenmayer, D. B. and Manning, A. D., 2015. 
Avifauna and urban encroachment in time and space, Diversity and Distributions, 
21(3/4): 428-440.  

Reading, R. P., Miller, B. and Shepherdson, D., 2013. The value of enrichment to reintroduction 
success, Zoo Biol, 32(3): 332-341.  

Richardson, K., Castro, I. C., Brunton, D. H. and Armstrong, D. P., 2013. Not so soft? Delayed 
release reduces long-term survival in a passerine reintroduction, Oryx, 49(3): 535-541.  

Richardson, K. M. and Ewen, J. G., 2016. Habitat selection in a reintroduced population: social 
effects differ between natal and post-release dispersal, Animal Conservation, 19(5): 
413-421.  

Ripple, W. J. and Beschta, R. L., 2012. Trophic cascades in Yellowstone: The first 15years after 
wolf reintroduction, Biological Conservation, 145(1): 205-213.  

Ritchie, E. G. and Johnson, C. N., 2009. Predator interactions, mesopredator release and 
biodiversity conservation, Ecol Lett, 12(9): 982-998.  

Robinson, N. M., MacGregor, C. I., Hradsky, B. A., Dexter, N. and Lindenmayer, D. B., 2018. 
Bandicoots return to Booderee: initial survival, dispersal, home range and habitat 
preferences of reintroduced southern brown bandicoots (eastern sub species; Isoodon 
obesulus obesulus), Wildlife Research, 45(2): 132-142.  

Rodrigues, A. S., 2006. Ecology. Are global conservation efforts successful?, SCIENCE, 
313(5790): 1051-1052.  

Ross, C. E., McIntyre, S., Barton, P. S., Evans, M. J., Cunningham, S. A. and Manning, A. D., 
2019a. A reintroduced ecosystem engineer provides a germination niche for native plant 
species, Biodiversity and Conservation, 29(3): 817-837.  

Ross, C. E., Munro, N. T., Barton, P. S., Evans, M. J., Gillen, J., Macdonald, B. C. T., McIntyre, 
S., Cunningham, S. A. and Manning, A. D., 2019b. Effects of digging by a native and 
introduced ecosystem engineer on soil physical and chemical properties in temperate 
grassy woodland, PeerJ, 7: e7506.  

Rudolph, D. C., Conner, R. N., Carrie, D. K. and Schaefer, R. R., 1992. Experimental 
Reintroduction of Red-Cockaded Woodpeckers, The Auk, 109(4): 914-916.  

Rummel, L., Martínez–Abraín, A., Mayol, J., Ruiz–Olmo, J., Mañas, F., Jiménez, J., Gómez, J. 
A. and Oro, D., 2016. Use of wild–caught individuals as a key factor for success in 
vertebrate translocations, ANIMAL BIODIVERSITY AND CONSERVATION, 39(2): 
207-219.  

Runge, C. A., Martin, T. G., Possingham, H. P., Willis, S. G. and Fuller, R. A., 2014. 
Conserving mobile species, Frontiers in Ecology and the Environment, 12(7): 395-402.  

Russ, G. R. and Alcala, A. C., 2011. Enhanced biodiversity beyond marine reserve boundaries: 
the cup spillith over, Ecol Appl, 21(1): 241-250.  

Ryan, C. M., Hobbs, R. J. and Valentine, L. E., 2020. Bioturbation by a reintroduced digging 
mammal reduces fuel loads in an urban reserve, Ecol Appl, 30(2): e02018.  



75 

 

Saltz, D. and Berger-Tal, O., 2014. Using the movement patterns of reintroduced animals to 
improve reintroduction success, Current Zoology, 60(4): 515-526.  

Samplonius, J. M., Kromhout Van Der Meer, I. M. and Both, C., 2017. Nest site preference 
depends on the relative density of conspecifics and heterospecifics in wild birds, Front 
Zool, 14(1): 56.  

Seddon, P. E. O. P. J., 2012. 'Selecting suitable habitats of reintroductions: Variation, change 
and the role of species distribution modelling', in John G. Ewen, D. P. A., Kevin A. 
Parker (ed) Reintroduction Biology: Integrating Science and Management, Blackwell 
Publishing, New Jersey. 

Seddon, P. J., 2010. From Reintroduction to Assisted Colonization: Moving along the 
Conservation Translocation Spectrum, Restoration Ecology, 18(6): 796-802.  

Seddon, P. J., 2015. Using the IUCN Red List criteria to assess reintroduction success, Animal 
Conservation, 18(5): 407-408.  

Seddon, P. J., Armstrong, D. P. and Maloney, R. F., 2007. Developing the science of 
reintroduction biology, Conserv Biol, 21(2): 303-312.  

Sheean, V. A., Manning, A. D. and Lindenmayer, D. B., 2012. An assessment of scientific 
approaches towards species relocations in Australia, Austral Ecology, 37(2): 204-215.  

Shier, D., Berger-Tal, O. and Saltz, D., 2016. 'Manipulating animal behavior to ensure 
reintroduction success', Conservation Behavior, Cambridge University Press, pp. 275-
304. 

Shimada, T., Jones, R., Limpus, C. and Hamann, M., 2012. Improving data retention and home 
range estimates by data-driven screening, Marine Ecology Progress Series, 457: 171-
180.  

Shimada, T., Limpus, C., Jones, R., Hazel, J., Groom, R. and Hamann, M., 2016. Sea turtles 
return home after intentional displacement from coastal foraging areas, Marine Biology, 
163(1): 1-14.  

Shorthouse, D. J., Iglesias, D., Jeffress, S., Lane, S., Mills, P., Woodbridge, G., McIntyre, S. 
and Manning, A. D., 2012. The ‘making of’ the Mulligans Flat - Goorooyarroo 
experimental restoration project, Ecological Management & Restoration, 13(2): 112-
125.  

Sleigh, S., Williams, L. and Stothers, K, 2010. The Bush Stone-curlew in Northern Victoria – 
Conversations and Conservation, Goulburn Broken Catchment Management Authority, 
Shepparton, Australia. 

Smith, M. J., Ruykys, L., Palmer, B., Palmer, N., Volck, G., Thomasz, A. and Riessen, N., 
2020. The impact of a fox‐ and cat‐free safe haven on the bird fauna of remnant 
vegetation in southwestern Australia, Restoration Ecology, 28(2): 468-474.  

Soule, M. E., 1991. Conservation: tactics for a constant crisis, SCIENCE, 253(5021): 744-750.  
Stadtmann, S. and Seddon, P. J., 2018. Release site selection: reintroductions and the habitat 

concept, Oryx: 1-9.  
Steffen, W., Crutzen, J. and McNeill, J. R., 2007. The Anthropocene: are humans now 

overwhelming the great forces of Nature?, Ambio, 36(8): 614-621.  
AIATSIS, AIATSIS Submission to Senate Inquiry into Australia's faunal extinction crisis,  
Stuart, A., 2018. Online. 
Sutherland, W. J., Armstrong, D., Butchart, S. H. M., Earnhardt, J. M., Ewen, J., Jamieson, I., 

Jones, C. G., Lee, R., Newbery, P., Nichols, J. D., Parker, K. A., Sarrazin, F., Seddon, 
P. J., Shah, N. and Tatayah, V., 2010. Standards for documenting and monitoring bird 
reintroduction projects, Conservation Letters, 3(4): 229-235.  

Sutherland, W. J., Newton, I. and Green, R., 2004a. Bird ecology and conservation: a handbook 
of techniques, Oxford University Press, Oxford. 

Sutherland, W. J., Pullin, A. S., Dolman, P. M. and Knight, T. M., 2004b. The need for 
evidence-based conservation, Trends Ecol Evol, 19(6): 305-308.  

Swaisgood, R. R., 2010. The conservation-welfare nexus in reintroduction programmes: A role 
for sensory ecology, Animal Welfare, 19(2): 125-137.  

Tack, E., 2016. Bush Stone-curlew Conservation Newsletter, Nature Conservation Working 
Group,   



76 

 

Tanentzap, A. J. and Lloyd, K. M., 2017. Fencing in nature? Predator exclusion restores habitat 
for native fauna and leads biodiversity to spill over into the wider landscape, Biological 
Conservation, 214: 119-126.  

Taylor, G., Canessa, S., Clarke, R. H., Ingwersen, D., Armstrong, D. P., Seddon, P. J. and 
Ewen, J. G., 2017. Is Reintroduction Biology an Effective Applied Science?, Trends 
Ecol Evol, 32(11): 873-880.  

Tetzlaff, S. J., Sperry, J. H. and DeGregorio, B. A., 2019. Effects of antipredator training, 
environmental enrichment, and soft release on wildlife translocations: A review and 
meta-analysis, Biological Conservation, 236: 324-331.  

Thieurmel, B. and Elmarhraoui, A., 2019. suncalc: Compute Sun Position, Sunlight Phases, 
Moon Position and Lunar Phase, https://github.com/datastorm-open/suncalc.   

Heritage, D. o. a., Advice to the Minister for the Environment and Heritage from the Threatened 
Species Scientific Committee (TSSC) on Amendments to the List of Ecological 
Communities under the Environment Protection and Biodiversity Conservation Act 
1999 (EPBC Act).  

Threlfall, C. G., Law, B. S. and Peacock, R. J., 2019. Benchmarks and predictors of coarse 
woody debris in native forests of eastern Australia, Austral Ecology, 44(1): 138-150.  

Thuiller, W., Araujo, M. B., Pearson, R. G., Whittaker, R. J., Brotons, L. and Lavorel, S., 2004. 
Biodiversity conservation: uncertainty in predictions of extinction risk, Nature, 
430(6995): 1 p following 33; discussion following 33.  

Tittensor, D. P., Walpole, M., Hill, S. L., Boyce, D. G., Britten, G. L., Burgess, N. D., Butchart, 
S. H., Leadley, P. W., Regan, E. C., Alkemade, R., Baumung, R., Bellard, C., 
Bouwman, L., Bowles-Newark, N. J., Chenery, A. M., Cheung, W. W., Christensen, V., 
Cooper, H. D., Crowther, A. R., Dixon, M. J., Galli, A., Gaveau, V., Gregory, R. D., 
Gutierrez, N. L., Hirsch, T. L., Hoft, R., Januchowski-Hartley, S. R., Karmann, M., 
Krug, C. B., Leverington, F. J., Loh, J., Lojenga, R. K., Malsch, K., Marques, A., 
Morgan, D. H., Mumby, P. J., Newbold, T., Noonan-Mooney, K., Pagad, S. N., Parks, 
B. C., Pereira, H. M., Robertson, T., Rondinini, C., Santini, L., Scharlemann, J. P., 
Schindler, S., Sumaila, U. R., Teh, L. S., van Kolck, J., Visconti, P. and Ye, Y., 2014. A 
mid-term analysis of progress toward international biodiversity targets, SCIENCE, 
346(6206): 241-244.  

Traveset, A., Heleno, R. and Nogales, M., 2014. 'The ecology of seed dispersal', pp. 62-93. 
Turchin, P., 1998. Quantitative analysis of movement: measuring and modeling population 

redistribution in animals and plants, Sinauer Associates, Sunderland, Mass. 
Turvey, S. T., Trung, C. T., Quyet, V. D., Nhu, H. V., Thoai, D. V., Tuan, V. C., Hoa, D. T., 

Kacha, K., Sysomphone, T., Wallate, S., Hai, C. T., Thanh, N. V. and Wilkinson, N. 
M., 2015. Interview-based sighting histories can inform regional conservation 
prioritization for highly threatened cryptic species, J Appl Ecol, 52(2): 422-433.  

Tweed, E. J., Foster, J. T., Woodworth, B. L., Oesterle, P., Kuehler, C., Lieberman, A. A., 
Powers, A. T., Whitaker, K., Monahan, W. B., Kellerman, J. and Telfer, T., 2003. 
Survival, dispersal, and home-range establishment of reintroduced captive-bred puaiohi, 
Myadestes palmeri, Biological Conservation, 111(1): 1-9.  

Urban, M. C., 2015. Climate change. Accelerating extinction risk from climate change, 
SCIENCE, 348(6234): 571-573.  

van Dijk, A. P., Matt;, Suárez, L. and Gale, M., 2018. TERN airborne LiDAR and hyperspectral 
products document, Terrestrial Ecosystem Research Network, Center for Water and 
Landscape Dynamics ANU, , Australian National University, Canberra.   

van Heezik, Y., Maloney, R. F. and Seddon, P. J., 2009. Movements of translocated captive-
bred and released Critically Endangered kaki (black stilts) Himantopus novaezelandiae 
and the value of long-term post-release monitoring, Oryx, 43(04): 639-647.  

Vignali, S., Barras, A. and Braunisch, V., 2020. SDMtune: Species Distribution Model 
Selection. R package version 1.1.0,   

Viscarra Rossel, R. C., Charlie; Grundy, Mike; Searle, Ross; Clifford, David, 2014. Soil and 
Landscape Grid Australia-Wide 3D Soil Property Maps (3" resolution) Release 1. v3., 
CSIRO, Available at: https://doi.org/10.4225/08/5aaf553b63215  

Walters, C. J. and Holling, C. S., 1990. Large-Scale Management Experiments and Learning by 
Doing, Ecology, 71(6): 2060-2068.  

https://github.com/datastorm-open/suncalc
https://doi.org/10.4225/08/5aaf553b63215


77 

 

Watson, D. M. and Watson, M. J., 2015. Wildlife restoration: Mainstreaming translocations to 
keep common species common, Biological Conservation, 191: 830-838.  

Watson, J., Watson, A., Paull, D. and Freudenberger, D., 2003. Woodland fragmentation is 
causing the decline of species and functional groups of birds in southeastern Australia, 
Pacific Conservation Biology, 8(4): 261.  

Webster, R. and Baker-Gabb, D., 1994. The Bush Thick-knee in Northern Victoria (Part 2): 
Population monitoring between 1985 and 1991, Arthur Rydah Institute for 
Environmental Research, Heidelberg, Victoria.   

West, R., Letnic, M., Blumstein, D. T. and Moseby, K. E., 2018. Predator exposure improves 
anti-predator responses in a threatened mammal, The Journal of applied ecology, 55(1): 
147-156.  

Westgate, M. J., Likens, G. E. and Lindenmayer, D. B., 2013. Adaptive management of 
biological systems: A review, Biological Conservation, 158: 128-139.  

Weston, M. A., McLeod, E. M., Blumstein, D. T. and Guay, P. J., 2012. A review of flight-
initiation distances and their application to managing disturbance to Australian birds, 
Emu - Austral Ornithology, 112(4): 269-286.  

White, T. H., Collar, N. J., Moorhouse, R. J., Sanz, V., Stolen, E. D. and Brightsmith, D. J., 
2012. Psittacine reintroductions: Common denominators of success, Biological 
Conservation, 148(1): 106-115.  

Wickham, H., Chang, W., Henry, L., Pedersen, T. L., Takahashi, K., Wilke, C., Woo, K. and 
Yutani, H., 2016. ggplot2: Elegant Graphics for Data Analysis, software, version 
Springer-Verlag New York. 

Williams, D. R., Balmford, A. and Wilcove, D. S., 2020. The past and future role of 
conservation science in saving biodiversity, Conservation Letters: e12720.  

Wilson, B. A., Evans, M. J., Batson, W. G., Banks, S. C., Gordon, I. J., Fletcher, D. B., 
Wimpenny, C., Newport, J., Belton, E., Rypalski, A., Portas, T. and Manning, A. D., 
2020. Adapting reintroduction tactics in successive trials increases the likelihood of 
establishment for an endangered carnivore in a fenced sanctuary, PloS one, 15(6): 
e0234455.  

Wilson, G., 1993. Notes on the Bush Thick-knee on the Capricornia Institute Campus, Stilt, 
(15): 27-28.  

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. and Murphy, B. P., 2019. Reading the 
black book: The number, timing, distribution and causes of listed extinctions in 
Australia, Biological Conservation, 239: 108261.  

Woinarski, J. C. Z., Woolley, L. A., Garnett, S. T., Legge, S. M., Murphy, B. P., Lawes, M. J., 
Comer, S., Dickman, C. R., Doherty, T. S., Edwards, G., Nankivill, A., Palmer, R. and 
Paton, D., 2017. Compilation and traits of Australian bird species killed by cats, 
Biological Conservation, 216: 1-9.  

Wolf, C. M., Griffith, B., Reed, C. and Temple, S. A., 1996. Avian and Mammalian 
Translocations: Update and Reanalysis of 1987 Survey Data, Conservation Biology, 
10(4): 1142-1154.  

Woodruff, D. S., 2001. Declines of biomes and biotas and the future of evolution, Proc Natl 
Acad Sci U S A, 98(10): 5471-5476.  

Yackulic, C. B., Chandler, R., Zipkin, E. F., Royle, J. A., Nichols, J. D., Campbell Grant, E. H., 
Veran, S. and O'Hara, R. B., 2013. Presence-only modelling using MAXENT: when can 
we trust the inferences?, Methods in Ecology and Evolution, 4(3): 236-243.  

Yates, C. J. and Hobbs, R. J., 1997. Temperate Eucalypt Woodlands: a Review of Their Status, 
Processes Threatening Their Persistence and Techniques for Restoration, Australian 
Journal of Botany, 45(6): 949-973.  

 

  



78 

 

Appendix 1: Reintroduction protocol 
 

 

The methods here document all protocols used in the 2014-2016, 2018 and 2019 releases. 

Protocols differed slightly between years due to adaptive management and logistical constraints. 

The data from 2014-2016 were collected by the Capital Woodlands and Wetlands Trust (CWWT). 

In 2019, I managed the warabin reintroduction as an honours student at The Australian National 

University (ANU). I collected all data from 2019 and was also a volunteer in 2016 assisting with 

the pre-release phase.  

It is best practise to include the following in accounts of translocations: (i) species biology 

and release site; (ii) release and pre-release experimental design; (iii) criteria for success; (iv) 

comprehensive results; and (v) post-release monitoring (Sutherland et al., 2010; Sheean et al., 

2012). 

Tactics are methods selected to improve the success of a reintroduction project (Batson et 

al., 2015b). The methods in this project are organised around selected tactics. The tactics used in 

the MFWS reintroduction of warabin are detailed in Table 8.  

 

A1.1 Pre-release 

A1.1.1 Founders 
In 2014-2016 and 2018, 40 warabin were sourced from ‘Bonnie Rise’ near Albury, a captive-

breeding facility managed by Jan and Neville Lubke on their sheep grazing property. The Lubkes 

have been involved in warabin breeding since the 1990s and are members of the Nature 

Conservation Working Group (NCWG). Warabin were translocated from the breeding facility at 

Bonnie Rise to MFWS by road. 11 were translocated on 11 June 2014, 10 on 11 June 2015, 11 

on 7 June 2016, and 8 on 19 October 2018. No release was conducted in 2017 due to the 

unavailability of captive-bred birds. 

In 2019, warabin were sourced from two captive-bred populations. 10 warabin were sourced 

from Bonnie Rise. Two warabin were sourced from Oakvale Wildlife Park (-32.7945,151.9087) 

in Salt Ash near Port Stephens, a tourism park with a small captive-breeding facility. The 

additional warabin from Oakvale were obtained to form a new partnership with potential to 

translocate more in future. Additional warabin from Oakvale will aid improving genetic diversity 

of the MFWS population. All 12 warabin were born in the breeding season of November-January 

2018/19.  
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The 10 warabin from Bonnie Rise were translocated from Jindera to MFWS on the 

01/05/2019. The birds were transported by road in pairs in PP30 animal carrier containers. The 

two warabin from Oakvale were translocated from Salt Ash to MFWS by air and road on the 18 

September 2019. All birds underwent health checks on arrival by the ANU veterinarian. 

A1.1.2 Soft-release aviary design 
Prior to release, all warabin were housed in a soft-release aviary in MFWS. Soft-release (the 

intentional delayed release of a translocated population using a holding pen or aviary) is a 

commonly used translocation tactic intended to improve acclimatisation and reduce stress and 

dispersal (Clarke et al., 2003; Mitchell et al., 2011; Tetzlaff et al., 2019). In this study, the purpose 

of the soft-release aviary is to: 

• acclimatise the birds to the conditions at MFWS, 

• reduce post-release dispersal 

• allow for formation of social bonds between members of the flock, and 

• monitor the health of the birds before release. 

The aviary was built in the south-east of MFWS (-35.172093 S, 149.163366 E) in May 2014. 

This location was selected because it is far (>2km) from the commonly-used pedestrian gates on 

the western side of MFWS, therefore reducing the likelihood of disturbance to the birds by the 

public. The site is also behind a hill which provides natural shelter from the prevailing north-

westerly winds during winter and spring when the warabin were in the soft-release aviary (Bureau 

of Meteorology, 2020).  

The soft-release aviary design was based on a soft-release aviary used by the NCWG for 

warabin releases near Moulamein NSW. The design consists of a colorbond shed, open at one 

end, to provide shelter, and then a large enclosed area for foraging in the open. The MFWS aviary 

dimensions are 6m wide by 22m long, and height varies from 1.5 to 2.5m due to drooping of the 

mesh roof (Figure 18) The external structure and roof of the aviary is supported by treated timber 

posts. Hessian fabric was installed at the opposite end of the aviary to the colorbond section, so 

that the birds could see the end and thereby avoid injury. Existing tussock grasses (genus Poa) 

provided ground cover, but some additional pieces of timber were added to provide roosting sites 

(Figure 19).  
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Figure 18: MFWS design soft-release aviary. Cross-hatched sections are wire, green 
striated section is colorbond, and brown lines are hessian fabric. The roof is made of 
soft bird-netting covered with mesh. Diagram by Shoshana Rapley. 

 

 

Figure 19: Soft release aviary interior showing soft roof, natural ground cover of 
grass and tussock, added coarse woody debris and food bowls. Photograph 
courtesy of Belinda Wilson. 

 

A1.1.3 Pre-release feeding protocol 
Daily feeding and watering was provided for the duration of the soft-release. The daily check 

also allowed assessment of behaviour. Camera traps (LTL-5310 “Acorn” trail camera) were used 

to assist in monitoring. 

Warabin in the 2014 release cohort were kept in the soft-release aviary for 123 days. In 2015, 

four birds were released after 97 days in soft-release aviaries and the remaining six birds released 

after 134 days. This gap was to test wing clipping on the first four birds before clipping the entire 
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cohort. The 2016 release cohort was kept in the soft-release aviary for 136 days. The 2018 release 

cohort was kept in the soft-release aviary for 34 days. 

In 2019, the two source populations arrived at different times but were released as a group. 

The warabin sourced from Bonnie Rise spent 196 days in the soft-release aviary. The soft-release 

was extended because we needed to collect the birds from Bonnie Rise earlier than usual, due to 

the personal situation of the Lubkes. The warabin sourced from Oakvale spent 56 days in the soft-

release aviary.  

A1.1.3.1 Diet 
In 2014-2018, the warabin were fed pet meatloaf (VIP Adult Dog Food Roll Gourmet 

Chicken with Egg). The meatloaf was cut into approximately 1cm3 cubes. In the last month of the 

soft-release period the diet was supplemented with live mealworms. The amount of food provided 

varied depending on how much was eaten the previous day and was approximately 100g of food 

per bird per day. Food was distributed into multiple bowls in case social hierarchy prevented 

subordinate birds from accessing food (Figure 19).   

In 2019, I continued feeding meatloaf, at 1kg of food per day (equivalent to 100g per bird 

per day). In August I added insectivore rearing mix (Wombaroo) to the diet following the ANU 

veterinary advice to supplement the diet. Wombaroo contains 52% protein and is enriched with 

vitamins and minerals, designed for insectivorous birds. I mixed 20g of Wombaroo (2 scoops) 

per day with the meatloaf. In October I added 50g of mealworms twice a week to the food bowls. 

A handful of the mealworms were also scattered across the aviary to promote foraging.  

A1.2 Release 

A1.2.1 Release timing 
In 2014-18 the warabin were released in Spring. This was intended to coincide with the 

seasonal increase in insect abundance. In 2019 the release was delayed until late Spring, because 

drought had delayed the onset of insect abundance.  

A1.2.2 Insect trapping 
Insect traps (insect light trap model E701 from Australian Entomological Supplies) were 

used to check insect biomass prior to bird release. This will become a metric used in future years 

to check the insect load at the time of release. Two traps were put out within 200m of the release 

site: one in open grassland (-35.173643 S, 149.164904 E) and one in woodland (-35.172116 S, 

149.163553 E). The traps were deployed in the afternoon and collected the next day. Three nights 

of insect trapping were conducted as a baseline for insect conditions in 2019 to compare with 

future years 
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A1.2.3 Passive release method 
The release protocol was passive; involving opening the aviary door at dusk allow warabin 

to leave of their own accord. The strategy is to allow to the warabin to leave without stress and 

therefore reduce dispersal from the point of release. Passive releasing is less stressful than active 

because the birds do not need to be handled.  

A1.3 Post-release monitoring 

A1.3.1 Metal bands, colour bands and leg-flags 
All 40 translocated warabin were fitted with an ABBBS metal leg band on the left tarsus. 

The band type used was size 09 stainless steel.  

In 2014-2018, each bird was fitted with a size 11.0mm (internal diameter) coloured leg-flag 

(Interrex) on the left tibia. Each flag had an individual code with a letter and a number (e.g. A1). 

Leg flags were used because CWWT were concerned that the public would not accurately report 

colour-band combinations. However, very few sightings now come from the public (<10 per 

year), and when there are public sightings they usually cannot read the flag. 

In 2019, the warabin were fitted with size 09 plastic colour-bands instead of leg flags. The 

banding scheme was: one colour on the left tibia and two colours on the right tibia, with colours 

being yellow, red, white, green, blue and black. Colour-bands can be more easily read with 

binoculars, compared to leg flags which need a good quality photograph to read. Furthermore, the 

colour-bands are more easily read on remote cameras. 

A1.3.2 Glue-on radiotransmitters 
Glue-on 3.7g BD-2 tail radiotransmitters (Holohil Systems Ltd., Canada) were used for the 

release cohorts of 2014-2016.  The transmitters were fitted to the warabin by gluing to the base 

of the primary tail feather and tied on with dental floss. The birds were tracked on foot using a 

handheld Yagi-Uda antenna. The BD-2 does not have a mortality signal. 

No tracking was done in 2018.  

A1.3.3 GPS backpacks 
Solar-powered OrniTrack-20 (20g) GPS-GSM/GPRS devices (Ornitela Ornithology and 

Telemetry Applications, Lithuania) were used for the 2019 release cohort. The OrniTrack-20 

device included GPS, altitude, speed, direction, temperature, accelerometer and light intensity 

sensors. 

The GPS schedule for all devices deployed involved taking a location fix every 60 seconds 

and GPRS data transfer every 10800 seconds (24 hrs). The schedule was increased to 172800 

seconds (48 hrs) if a battery was depleted to allow recharging. The schedule did not vary by time 

of day and no geofence zones were enforced.  
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A1.3.4 Health checks 

A1.3.4.1 Health check timing 
In 2019, health checks were conducted pre-release and at 1, 3 and 6 months post-release. 

Originally, I planned to conduct monthly health checks, but the January check could not be done 

due to sanctuary closures during the bushfire season and the March-June checks could not be done 

due to COVID-19-associated fieldwork cancellations. Health checks were conducted on all birds 

with GPS backpacks. No health checks were conducted in 2014-2018.  

Prior to release, the warabin underwent a final health check to ensure they were fit to release. 

Parameters for release fitness were maintaining healthy weight (>500g) and condition (good or 

excellent).  

A1.3.4.2 Health check protocol 
Health checks involved assessing weight, condition, injuries, discharge (eye, ears, nares, 

vent), parasites, feather condition and moult, and transmitter fit. During the health check the bird 

was held in a cotton handling bag to reduce stress. Health checks were undertaken in less than 10 

minutes to reduce stress.  

Condition is stored energy reserves, mainly in fat mass but also muscle (Labocha and Hayes, 

2011). Weight alone is not a reliable measure for condition because the warabin are subadult (<1-

year-old), so changes in weight may be related to growth in size rather than condition. We 

measured condition as extent of fat and muscle accumulation around the keel (Figure 20) based 

on the scoring system by Gregory and Robins (2010). We selected this method of condition 

scoring because researcher familiarity with the technique is important in ensuring observation 

reliability (Labocha and Hayes, 2011), and this is the technique our researchers are familiar with.  

 

 

Figure 20: Cross-section diagram of the keel showing fat and muscle deposits (grey 
fill) for each body condition score. Modified from Gregory and Robins (1998). (a) poor, 
protruding keel bone and concave contour to breast; (b) fair, prominent keel bone and 
flat contour to breast; (c) good, keel bone less prominent and convex contour to 
breast; and, (d) excellent, smooth contour between breast and keel and prominent 
convex contour to breast.  
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A1.3.4.3 DNA sexing 
Warabin cannot be sexed on plumage or soft parts, so DNA samples were taken to sex the 

birds. Two feathers were pulled from the secondary feathers or coverts, because the sheath of the 

feather contains DNA material. A sample only needed to be taken once, typically on the first 

occasion the bird was caught. Feathers were sent by mail to DNA Solutions in Melbourne, 

Victoria, to be tested.  

A1.3.4.4 Catching protocol 
The warabin were hand caught for health checks and harness fitting. Captures took place 

during the day when conditions were suitable (10-33°C and <20km/h wind). A target warabin 

was selected either from the GPS data (if already had a harness) or visually (if no harness). Two 

catchers approached the bird from opposite directions with arms in the air to appear as large as 

possible. The catchers approached slowly to allow the bird to sit then posture (adopting a 

camouflaged position of lying prone with head outstretched to appear like a stick). Once the bird 

has postured the catchers approach closer and then pick the bird up. If the bird flushes before it is 

caught, the catchers follow the bird to where it runs or flies to, then try again to catch. A maximum 

of four attempts are taken to catch the bird, though usually only one or two are required. The bird 

is held firmly but gently around the wings with care taken to not put pressure on the chest of the 

bird.  

A1.4 Metrics for success 
Metrics for success are summarised in Table 11. Metrics were determined a priori in the 

2014 translocation plan. Some of these metrics were selected before it was determined how 

monitoring would be conducted and what data could be collected. For example, the 6 and 12 

months post-release metric is states as “persistence”, but no definition is provided. Given 

improved project knowledge, updated success metrics were proposed in 2019. These updated 

metrics include new post-release survival percentages based on previous trial release outcomes.  

Table 11: Pre-determined metrics of success for project stages of the warabin 
reintroduction.  
Project stage Success metric proposed 2014 Success metric proposed 

2019 
Pre-release in soft-
release aviary 

>70% survival in aviary 
Body weight ≥90% of original weight 
Persistence of wild behaviours 

>90% survival in aviary 
Body condition good-excellent  
Body weight >500g 

4-weeks post-
release 

>75% survival since release 
Community engagement 

>60% survival post-release 
Body condition fair or better 

6-months post-
release 

Persistence 
Observations on surveys 

>50% survival post-release 
Established home-ranges 

12-months post-
release 

Persistence 
Observations on surveys Not applicable for scope 

of honours project 24-months post-
release 

Territories established 
Breeding by >50% of pairs 
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Appendix 2: Post-release monitoring 

 

Monitoring warabin has been challenging due to their cryptic and nocturnal behaviour. 

Monitoring is an essential part of the reintroduction process, to assess the health and viability of 

the population (Bernardo et al., 2011; IUCN/SSC, 2013). It is also important to distinguish 

between dispersal and mortality, even though both can result in translocation failure, because the 

tactics used to mitigate each differ (Tweed et al., 2003). Therefore, good post-release monitoring 

can help elucidate whether ‘lost’ individuals have died or dispersed. 

The only study that documents using capture of wild warabin was in Kangaroo Island by 

Gates (2001), where warabin were hand caught at night under torchlight to fit radiotransmitters. 

Gates (2001) said of their capture: “fortunately, the birds were relatively easy to catch, with dark 

and windy conditions proving to be very conducive to catching the birds, although with 

experience it was possible to catch some birds on calm moonlit nights. The methodology 

employed here should be successful with other populations of the birds”. Despite this evidence, 

numerous people with experience breeding or researching warabin asserted that it would 

extremely difficult or impossible for me to capture warabin in my study. I decided to challenge 

this received wisdom, because capture would enable me to (a) do post-release health assessments 

on founders and (b) capture resident birds to fit transmitters, which would greatly enhance our 

ability to study the MFWS population.  

From a practical standpoint, when developing my thesis plan, the questions I could ask were 

dependent on whether I could (i) find and (ii) catch both the residents and 2019 founders (Figure 

21). Therefore, the first question I asked in my thesis was how to find and catch wild warabin. 

Whilst I asked this question for the purpose of thesis design, the results of this initial study will 

inform future monitoring and management of warabin. 

 

Figure 21: Potential thesis structure depending on whether warabin could be 
found and caught 
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I asked: How can practitioners conduct post-release monitoring of warabin? 

I hypothesised backpack-mounted GPS transmitters will be an effective and ethical way to 

monitor released warabin. Furthermore, GPS transmitters will enable spatially explicit hypothesis 

testing, which otherwise is unavailable through traditional radiotracking and visual monitoring 

methods. Additionally, I challenged the received wisdom that it is not possible to catch wild 

warabin, and instead hypothesised that hand-catching will be safe and effective. Finally, I 

hypothesise that colour-bands will be more effective in the field than leg-flags because of 

improved readability.  

A2.1 Methods 

A2.1.1 Finding warabin 
Warabin could be found during the day by searching a target area on foot. When searching 

on foot, warabin would remain camouflaged until 10-50m away (depending on the individual 

FID) and then either move or flee. Warabin would remain in a favoured roosting area for several 

weeks, so once a location was found it could be reliably targeted for sighting or capturing warabin. 

Prior to a catch attempt I would target a small (approx. 50ha) section of the sanctuary and scour 

the area on foot in a zig-zag pattern. 

A2.1.2 Capturing warabin 
Captures took place during the day when conditions were suitable (10-33°C and <20km/h 

wind). My capture method is as follows: Two catchers approached the bird from opposite 

directions with arms in the air to appear as large as possible. The catchers approached slowly to 

allow the bird to sit then posture (adopting a camouflaged position of lying prone with head 

outstretched to appear like a stick). Once the bird has postured the catchers approach closer and 

then pick the bird up. If the bird flushes before it is caught, the catchers follow the bird to where 

it runs or flies to, then try again to catch. A maximum of four attempts are taken to catch the bird, 

though usually only one or two are required. 

A2.1.3 GPS harnessing 
A backpack style wing-harness design was used to fit the transmitters to the warabin. 

Backpack harnesses have been tested on warabin at Moonlit sanctuary and found no ill-effects 

(Herrod, 2018). The harness design used in this study was the ‘wing-harness with horizontal 

covered weak link at keel’ design by McGinness (2020). The design by McGinness (2020) is 

based on Karl and Clout (1987) and modifications used by E. Williams, I. Veltheim, and M. 

Herring et al. (pers comms). The advantage of this design is that it has a specially designed weak 

link at the keel, which is the first part of the harness to degrade and break, and when broken allows 

the harness to fall off the bird cleanly with no loops or entanglement.  I tested this harness design 

on the warabin for one-month in the soft-release aviary.  
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A2.1.4 Individual identification  
All 40 warabin translocated from 2014-2019 were fitted with an ABBBS metal leg band on 

the left tarsus. In 2014-2018, coloured leg-flag (Interrex) on the left tibia. In 2019, the warabin 

were fitted with size 09 plastic colour-bands instead of leg flags (Figure 22). Warabin born in the 

sanctuary and tracked in this study were fitted with steel bands and colour-bands.  

A2.2 Results 

A2.2.1 Finding warabin 
All 2019 founders could be consistently refound. A total of 21 resident birds were observed 

during this study. 

A2.2.2 Capturing warabin 
Catching was successful for 85% (n=13) of attempted captures of founders and 40% (n=10) 

of attempted captures of residents. No injuries were sustained during captures. 

A2.2.3 GPS harnessing 
During the aviary trial there was no evidence of injury (e.g. rubbing of feathers, raw skin or 

lacerations) and only one backpack (10%; n=10) was removed. This removal was not due to health 

concerns, but simply because it was logistically simpler in that instance to replace the backpack 

than adjust the fit. During health checks, harness fit was occasionally adjusted (23% of captures, 

n=13). For three of four adjustments, there were no injuries associated with loose harnesses, so 

the adjustments were precautionary. Only one harness was replaced in the field during health 

checks because of rubbing on the shoulder.  

Harness fitting of 2019 founders while in the soft-release aviary took an average of 8 minutes 

and improved from 10 minutes to 5 minutes throughout the day. Harness fitting of resident birds 

took an average of 20 minutes and improved from 26 minutes to 15 minutes. Field harness fitting 

took longer than aviary fittings because metrics and banding also needed to be done. Health 

checks took an average of 6 minutes.  

A2.2.4 Individual identification 
A total of 11 2019 founders and 3 wild-born birds were banded with colour-combinations. 

Colour bands were also added above the leg flag of residents tracked in this study. I received three 

sightings from members of the public, two of which included photographs (Figure 22). I also had 

camera trap footage passed on to me from other researchers (Figure 22).  
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Figure 22: (Row 1) telephoto lens photographs of leg flag (left) and colour-band (right), 
provided by Julie Clark. (Row 2) day-time camera trap stills of leg flag (left) and colour-
band (right). (Row 3) night-time colour camera trap stills of leg flag (left) and colour-band 
(right), provided by Kiarrah Smith. 
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A2.3 Discussion 

A2.3.1 Finding warabin 
Searching on foot was effective for finding warabin. However, they are not completely 

detectable, so I suspect some searches where no warabin were found were false negatives. 

Anecdotally, searching is more effective in the cooler months when warabin form large loose 

flocks, because where one bird is found there are usually 2-10 others. I recommend undertaking 

population censuses in winter. Summer is suitable for surveying for breeding pairs. Warabin with 

chicks tend to be more detectable because they draw predators away from the young.   

Call play-back was not required for this study, because captures were done in the day, and 

the locations warabin used at night are not where they roost in the day. However, warabin readily 

respond to playback, so method could be used to survey broad-scale areas to determine 

presence/absence of warabin in other projects.  

A2.3.2 Capturing warabin 
Hand-catching was a safe and effective technique for capturing warabin. Whilst Gates 

(2001) caught warabin at night, I decided to do captures during the day because it was easier to 

locate birds, and I noticed they more often would posture instead of fleeing in the day. 

A2.3.3 GPS harnessing 
Backpack harnessing was a safe and effective method for affixing GPS transmitters to 

warabin. There were no injuries associated with harnesses, even with natural weight fluctuations. 

No harnesses fell off prematurely, which is evidence that the 5-stitch weaklink is robust enough 

to withstand general wear. 

A2.3.4 Individual identification  
Colour-banding was an effective method for individual identification. I could consistently 

read the colour combinations in the field, whereas leg-flags were much harder to read. With 

camera trapping, both leg-flags and colour-bands could be read on video, because the bird would 

often move into a posture where the flag was readable; however, with stills, leg-flags were often 

unreadable, whereas colour-bands can be read on any angle. Colour-bands are slightly more 

difficult to read on camera still if the lighting is poor. In torch light, however, they are easily read 

in the field. 

A2.4 Conclusion 
These methods were effective for warabin at MFWS, and will likely be transferrable to other 

similar ground-dwelling birds such as Australian Bustard (Ardeotis australis). Improved 

monitoring will help continue the process of adaptively managing a reintroduction program to 

improve outcomes.  
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