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Abstract 

Ecosystem engineers, such as mammals that dig to obtain food or to create shelter, are species that 

can profoundly alter the structure and function of ecosystems. Translocations of digging mammals 

may contribute to ecosystem restoration, but there is a lack of information on some of their 

ecosystem roles, whether they interact with novel ecosystem elements, and whether they alter 

ecosystems at landscape-scales. In this thesis, I explore the use of translocations of Australian 

digging mammals to restore ecosystems. I used safe havens (islands and fenced mainland areas) 

supporting established, translocated populations to investigate some of the ecological roles of 

digging mammals and their interactions with native and non-native species across a range of spatial 

scales.  

 

In Chapter 2, I start broadly by reviewing published and grey literature on the use of digging mammal 

translocations in ecosystem restoration. I found that research on translocated digging mammal 

populations has facilitated an improved understanding of the roles of these species. I documented a 

dramatic, recent (post-2018) increase in the inclusion of ecosystem restoration goals in digging 

mammal translocations, probably driven by a continually developing understanding of digging 

mammals’ roles.  

 

In Chapter 3, I assessed the interaction between digging mammals and plants with a focus on 

comparing the response of native and non-native plant species to the presence of foraging diggings. 

I found that non-native seedlings were more abundant in foraging diggings compared to undisturbed 

ground, but this pattern was not present for native species. This trend, however, was driven primarily 

by the dominant species, both non-native, at each study site. The results from this Chapter provide 

strong evidence for the existence of novel interactions between translocated digging mammals and 

non-native plants.   

 

In Chapter 4, I conducted the first comprehensive assessment of inhabited boodie (Bettongia 

lesueur) warrens and how they influence soil and vegetation properties. I examined soil and 

vegetation on boodie warrens at three translocation sites spanning a range of climatic zones and 

bioregions, and assessed the use of the warrens by non-native plant and animal species. I found that 

boodie warrens consistently altered soil properties, including compaction, moisture and nutrient 

contents, but the response of vegetation communities to these changes was minimal and varied 

between my study sites. Non-native plants, and rabbit (Oryctolagus cuniculus) scats were more 

abundant on warrens than undisturbed ground, providing further evidence of interactions between 

digging mammals and novel ecosystem elements. 

 



x 

In Chapter 5, I investigated seed dispersal by digging mammals by assessing the viability and 

germination capacity of seeds extracted from the scats of five digging mammal species. I found viable 

seed in the scat of all species, and five of those seed species germinated. I extracted viable, non-native 

seed from the scats of two digging mammal species, demonstrating another novel interaction 

between digging mammals and non-native plants. The results from this Chapter show that seed 

dispersal by digging mammals is likely to be more important than previously recognised. 

 

In Chapter 6, I expanded my investigation to the landscape-scale effects of translocated digging 

mammals, using an emerging technology, drones, alongside standard soil and vegetation survey 

methods. I found that foraging diggings reduced soil compaction and likely redistributed soil 

nutrients, and I linked these changes to landscape-scale differences in the cover and spatial 

arrangement of vegetation. The results from this Chapter demonstrate that digging mammals can 

alter ecosystem functioning at landscape-scales and that translocations of these species could assist 

ecosystem restoration efforts. 

 

This thesis adds to the fundamental knowledge of the roles of Australian digging mammals, 

highlights the potential for digging mammals to interact with, and facilitate, novel ecosystem 

elements, and demonstrates that the engineering actions of translocated digging mammals can 

influence ecosystems at landscape scales. Together, these findings imply that the translocation of 

digging mammals could contribute to restoration efforts, but that restoration outcomes are unlikely 

to replicate historic ecosystem conditions.  
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General Introduction 

Ecosystem change and novel interactions 

The world is experiencing a period of profound change, where human activities are altering 

ecosystems beyond recognition and accelerating biodiversity loss by orders of magnitude relative to 

historic extinction rates (Ellis et al. 2010, Sage 2020). Australia typifies this pattern, with 

environmental changes and degradation recorded in even the most remote parts of the country 

(Crowley and Garnett 1998, Letnic 2000, Connor et al. 2018). The introduction of pastoralism to 

Australia spread hard-hooved livestock across vast swathes of the continent, leading to soil 

compaction and erosion and changes to vegetation communities through overgrazing of palatable 

species (Hobbs and Hopkins 1990, Lunt et al. 2007). Non-native plant and animal species, 

introduced both intentionally and accidentally, are now established throughout the continent. 

Traditional burning practices have been supressed resulting in large, destructive wildfires that 

decrease habitat quality for native fauna (Letnic 2000). More recently the effects of anthropogenic 

climate change have also begun altering rainfall patterns and increasing annual mean temperatures 

across the country, putting native flora and fauna under further pressure (Keywood et al. 2016).  

 

The environmental changes that have swept Australia since European occupation have had major 

detrimental consequences for the country’s mammalian fauna. Thirty nine species are now extinct 

(Department of Agriculture, Water and the Environment 2021), a greater proportion of a country’s 

terrestrial mammal species than anywhere else in the world (Woinarski et al. 2015). In addition, a 

further 57 Australian terrestrial mammal species are threatened and many others have experienced 

significant range contractions and population declines (Burbidge et al. 2008, Burbidge et al. 2014, 

Woinarski et al. 2015). The extinctions and declines have not occurred evenly; ground-dwelling 

species that inhabit semi-arid and arid zones and weigh between 35 g and 5.5 kg have been hardest 

hit (Johnson and Isaac 2009). This has led to greater losses in some taxonomic groups, particularly 

small macropods (and especially potoroids) and peramelids (McKenzie et al. 2007). 

 

The structure, function and health of ecosystems can be affected by the loss or addition of species 

when changes in species interactions alter key ecosystem processes (Valiente‐Banuet et al. 2014). 

Novel interactions, that form when species are added into an ecosystem, can be either beneficial or 

detrimental to overall ecosystem health and functioning (Hobbs et al. 2018). Novel, or at least 

altered, interactions also form between historically co-occurring species due to environmental 

changes such as climate change or habitat degradation (Tylianakis et al. 2008). For example, the 

ground-dwelling Australian paralysis tick (Ixodes holocyclus) is now infecting spectacled flying foxes 

(Pteropus conspicillatus) because the flying foxes have begun foraging on the non-native wild 
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tobacco bush (Solanum mauritianum) which grows closer to the ground than their traditional food 

plants (Buettner et al. 2013). Changes to species assemblages and the development of interactions 

with novel ecosystem elements (e.g. non-native species) have unpredictable effects because species 

interactions can be indirect and vary across space and time (Harvey et al. 2017). Therefore, in order 

to effectively manage ecosystems, it is important to identify when and where novel species 

interactions occur, and their consequences for species and ecosystems (Valentine et al. 2020).  

 

Ecosystem engineers and digging mammals 

Ecosystem engineers are organisms that alter the availability of resources for other species by 

modifying the physical state of biotic or abiotic materials through non-trophic interactions (Jones et 

al. 1994). All major taxonomic groups contain ecosystem engineers (Jones et al. 1994), and these 

species are responsible for creating, maintaining or modifying innumerable ecosystems globally 

(Lawton 1994). Many ecosystem engineers control the overall structure of their ecosystems, but 

others have trivial effects, and, like other ecological interactions, the temporal or spatial scale of 

assessment can influence the perceived importance of a species’ ecosystem engineering role (Jones 

et al. 1994).  

 

Mammals that dig for food or to create shelter are found worldwide (Davidson et al. 2012, Beca et al. 

unpublished) and many are considered to be ecosystem engineers (Whitford and Kay 1999). By 

turning over soil in their search for food, they increase the heterogeneity of the soil surface and 

provide locations where leaf litter and water can accumulate (Boeken et al. 1995, Eldridge and 

Mensinga 2007, Eldridge and Whitford 2009). This can alter the abundance and diversity of 

microorganisms associated with decomposition (Eldridge et al. 2015), increasing decomposition 

rates (Fleming et al. 2014, Valentine et al. 2017) and, subsequently, soil nutrient levels (Eldridge et 

al. 2012, Travers et al. 2012). However, some studies have found lower nutrient concentrations in 

foraging pits (Garkaklis et al. 2003, Eldridge and Mensinga 2007), and the disturbance caused by 

digging can reduce the activity of important detritivores like termites (Coggan et al. 2016). The 

burrows and warrens of digging mammals also affect the moisture and nutrient content of soils 

(Davidson et al. 2012). This occurs through the transfer of subsurface soils to the surface (Kurek et 

al. 2013), and/or the accumulation of burrow occupants’ urine, faeces, nesting material and food 

caches (Villarreal et al. 2008). The effects of foraging diggings and burrows on soils can vary due to 

differences in factors such soil type or climate (Platt et al. 2016), and the relationship between soil 

disturbance and changes to resource availability for other species is not entirely straightforward. 

 

Foraging diggings, burrows and warrens provide different resources to vegetation communities than 

undisturbed ground. More seedlings are found in foraging diggings than undisturbed ground 

because diggings trap seeds (Chambers and MacMahon 1994), protect them from predators (Radnan 
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and Eldridge 2017), and provide moisture and soil nutrients to seeds that subsequently germinate 

(Bragg et al. 2005, James et al. 2010, Valentine et al. 2017). Plants growing in foraging digs are larger 

(Prugh and Brashares 2012, Travers et al. 2012), more abundant and species diverse (Boeken et al. 

1995, Alkon 1999). Vegetation communities on burrows and warrens can be substantially different 

from surrounding, undisturbed areas because of altered soil conditions and/or localised grazing and 

browsing by burrow occupants (Villarreal et al. 2008, Davidson et al. 2012). This generally results in 

vegetation communities with greater heterogeneity and diversity in areas where digging mammals 

are present (Davidson et al. 2012). The effects of some digging mammals, particularly prairie-dogs 

(Cynomys spp.) and pikas (Ochotona spp.), on vegetation communities are well documented, but 

this is not the case for Australian species.  

 

In Australia, digging mammals are the best known and studied ecosystem engineers (Coggan et al. 

2018). Australian species include wombats (Vombatus and Lasiorhinus spp.), bilbies (Macrotis 

lagotis), potoroids (Bettongia and Potorous spp.) and bandicoots (Isoodon and Perameles spp.). 

Previous research has uncovered some of the engineering effects of Australia’s digging mammals, 

but there are several key areas that require further research (Figure 1). Firstly, most research has 

focused on the small-scale effects of foraging diggings (e.g. Garkaklis et al. 2003, James et al. 2010, 

Valentine et al. 2017, Davies et al. 2019). These studies, and others, have provided essential basic 

understanding of the abiotic and biotic changes associated with the creation of foraging diggings. We 

do not yet know whether these “scale-up” to cause changes detectable at a landscape-scale, though 

some recent work suggests this may be the case (Decker et al. 2019a, Decker et al. 2019b). Secondly, 

there has been very limited research into changes to soil and vegetation properties as a result of 

burrow or warren construction (e.g. Noble et al. 2007, Chapman 2013, 2015), even though some 

burrowing species were formerly amongst the most widespread and abundant of Australia’s 

mammals (Short and Turner 1993, Burbidge et al. 2014). Finally, ecosystem engineers rarely operate 

exclusively as engineers, but also have trophic and other roles (Jones et al. 1994). In Australia, 

research has focused primarily on the engineering roles of digging mammals and only a few studies 

have assessed their other roles (e.g. Silvey et al. 2015, Verdon et al. 2016, Gibb et al. 2018).  

 

Conservation translocations 

Conservation translocations are “the intentional movement and release of a living organism where 

the primary objective is a conservation benefit” (IUCN/SSC 2013, pg 2). Conservation translocations 

can take a variety of forms including “reintroductions”, where individuals are released into areas 

within their historic range, “reinforcements”, where the release occurs into an existing population of 

the species, and “conservation introductions”, where individuals are released beyond their historic 

range to circumvent current or future threats in their historic range or to replace the ecosystem role 

of an extinct species (Seddon et al. 2012). 
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Figure 1. The roles and functions of digging mammals, how they may interact with novel ecosystem 
elements, and their potential landscape-scale effects. Orange arrows indicate the aspects covered in 
this thesis.  
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Globally, translocations have been used for conservation purposes for decades, and they have been 

instrumental in preventing the extinction of many species (Fischer and Lindenmayer 2000, 

Armstrong and Seddon 2008, Burbidge et al. 2014, Carter et al. 2017). More recently, translocations 

conducted to enable the restoration of ecosystem functions or processes have been recognised as a 

type of conservation translocation (Seddon 2010, IUCN/SSC 2013). Successful examples of such 

translocations include the conservation introduction of the Aldabra giant tortoise (Aldabrachelys 

gigantea) to restore seed dispersal once performed by the now extinct giant Cylindraspis tortoises 

on Ile aux Aigrettes in Mauritius (Griffiths et al. 2011); the reintroduction of wolves (Canis lupis) to 

Yellowstone National Park to reinstate the historic trophic structure (Ripple and Beschta 2003, 

Halofsky et al. 2008, Beschta and Ripple 2009); and reintroductions of American and European 

beavers (Castor canadensis and C. fiber) to restore hydrological processes and wetland habitats in 

the United States and Scotland (e.g. Wright et al. 2002, Pollock et al. 2014, Law et al. 2017).  

 

Translocations used to improve the conservation status of a species can also serve to restore 

ecosystem functions or processes (Polak and Saltz 2011). In some cases, this may be the intention 

from the outset, but, for many translocations, these benefits may only be recognised after the 

translocated species has successfully established. The latter is the case for many translocated 

populations of Australian digging mammals (Chapter 2), which have been used for much of the 

fundamental research into the ecosystem functions of Australian digging mammals (e.g. Read et al. 

2008, James et al. 2009, James et al. 2010, Thornett et al. 2017, Decker et al. 2019a, Ross et al. 

2020). This has led researchers to hypothesise that translocating Australian digging mammals could 

help to restore degraded landscapes by reinstating their ecosystem roles (Fleming et al. 2014, 

Manning et al. 2015).  

 

A lack of knowledge about historical baselines can hinder the use of conservation translocations to 

restore ecosystems because the end goal, i.e. a particular ecosystem state, is uncertain (Polak and 

Saltz 2011). To further complicate matters, even when information about historical baselines is 

available, changing environmental conditions may make it impossible to return to previous 

ecosystem states (Thomas 2011, Corlett 2016). There is a lack of information about the state and 

function of Australian ecosystems prior to the changes that occurred following the arrival of 

Europeans. Some of these environmental changes are diffuse or pervasive (e.g. soil erosion and 

salinisation; Young 2004) and/or difficult to impossible to rectify at a restoration project scale (e.g. 

climate change; Harris et al. 2006), further increasing the difficulties of setting restoration goals. 

Because historical baselines are so often unknown or out of reach, translocation project goals could 

instead focus on the restoration of ecosystem functions or processes (Seddon 2010). However, even 

these are not guaranteed outcomes (Alston et al. 2019, Lindtner et al. 2019) because we understand 

very little about how reintroduced species may interact with degrading factors and novel ecosystem 

elements. 
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Importance of scale  

Restoration, as a goal of a conservation translocation, is rarely explicitly defined, but it is generally 

implied that it will occur over ecosystem- or landscape-scales (e.g. Manning et al. 2015). The actions 

of ecosystem engineers, however, rarely operate at the scale of an entire ecosystem or landscape (at 

least as these concepts are understood from a human-centric perspective). For a translocation to 

successfully achieve a restoration goal, the species’ engineering effects must therefore accumulate, 

either because these effects spread beyond the boundaries of the engineered space or because the 

engineered spaces are numerous enough to dominate an area. The result of reintroducing beavers 

provides a good example of the former. The directly engineered space is the log wall that dams a 

stream, but the impacts of the engineering action that are important to ecosystem restoration occur 

when the dammed stream overflows its banks and floods previously dry land. Digging mammals are 

more likely to contribute to landscape-scale restoration through the sheer abundance of their 

engineered spaces (i.e. foraging diggings or burrows), which can cover substantial proportions of the 

landscape (Garkaklis et al. 2004, Valentine et al. 2012, Davies et al. 2019). In the beaver example, 

researchers have primarily focused on how ecosystems change and respond to the creation of beaver 

dams (Wright et al. 2002, Rosell et al. 2005, Stringer and Gaywood 2016), rather than the 

mechanisms by which the log wall prevents water from flowing downstream. In contrast, most 

researchers investigating Australian digging mammal engineering have focused on how soil water 

and nutrient cycles are altered in foraging diggings but have paid relatively little attention to the 

flow-on effects that occur beyond those engineered spaces (Coggan et al. 2018). However, managers 

cannot determine the success of their restoration projects without knowing if, and how, digging 

mammals are causing ecosystem- or landscape-scale changes.   

 

The importance of studying ecological processes at multiple scales has been recognised for several 

decades (Levin 1992), but landscape-scale studies of soil and vegetation change as a consequence of 

Australian digging mammal translocations are rare (Verdon et al. 2016, Decker et al. 2019a, Decker 

et al. 2019b). This may be due to the challenges of studying diffuse effects at large scales, a common 

problem in ecology (e.g. Raiter et al. 2014). Data need to be collected over large extents but at a scale 

that is fine enough to detect these diffuse or patchy differences. Ground-based surveys are labour 

and time intensive, usually limited in spatial extent, and it is not always appropriate to extrapolate 

the information to whole landscapes (Tay et al. 2018). Landscape-scale vegetation patterns can be 

assessed using satellite imagery, but the resolution is usually too low to characterise vegetation 

patterns at spatial scales relevant to the effects of digging mammals (Cruzan et al. 2016). Fortunately, 

the advent of a new technology, remotely piloted vehicles (drones), is now facilitating the study of 

fine-scale patterns over large areas by allowing scientists to collect low cost, very high-resolution 

aerial images.  
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Thesis aims and structure 

The desire to use reintroductions of fauna as a means of restoring ecosystem functions is growing, 

even as, or perhaps because, ecosystems continue to be altered and degraded by human actions. 

There is, therefore, an urgent need to understand the effects of novel interactions formed by 

reintroduced species. In this thesis, I aimed to provide some insights into the ways in which 

reintroduced digging mammals interact with, and alter, the ecosystems at their release sites, with a 

particular focus on interactions with non-native species (a novel ecosystem element). When setting 

out to address this aim, it became apparent that further work to improve the fundamental 

understanding of the ecosystem roles of Australian digging mammals was required before I could 

properly understand and interpret their interactions with novel ecosystem elements and their ability 

to contribute to ecosystem restoration goals. This was a particular issue when it came to assessing 

the potential of digging mammals to contribute to landscape-scale restoration goals. Consequently, 

throughout this thesis I have attempted to simultaneously investigate the fundamental effects of 

reintroduced digging mammals alongside their interactions with novel ecosystem elements at a 

variety of scales. I have arranged the experimental chapters of this thesis (Chapters 3-6) such that 

they move from the smallest scale of assessment through to the largest (Figure 2). I hope that my 

findings may assist translocation practitioners and conservation managers to manage digging 

mammal populations effectively and to achieve both species conservation and ecosystem restoration 

goals. 

 

In Chapter 2, I asked “How often are digging mammals used to restore ecosystems and their 

processes or functions?”. I searched for and reviewed published and grey literature on Australian 

digging mammal translocations to determine their goals and monitoring plans relating to the 

restoration of ecosystem functions. Chapter 2 sets the scene for the remaining experimental research 

Chapters (3 – 6) by showcasing the abundance and diversity of digging mammal translocations, 

highlighting the need to understand the potential roles of digging mammals in ecosystem restoration 

and identifying key areas requiring further research.  

 

Islands and fenced mainland sites are an integral part of the translocation toolkit in Australia, 

providing vulnerable species with protection from introduced predators (Morris et al. 2015; Chapter 

2, this thesis). There are more than 19 fenced mainland sites, varying in size from ~50 ha to over 

12000 ha, and at least 16 of these support populations of digging mammals (Legge et al. 2018). The 

areas inside and outside these fenced sites often have comparable habitats and disturbance histories, 

and thus provide opportunities to assess how translocations affect ecosystem properties and extant 

flora and fauna, with areas outside the fences able to act as ‘controls’. Some species, such as the 

boodie (Bettongia lesueur, listed as Vulnerable under the EPBC Act; Department of the Environment 

and Heritage 2006), are protected at multiple fenced mainland sites and islands, making it possible 

to compare the impacts of their reintroduction in multiple contexts (e.g. different climatic zones,  
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Figure 2. A conceptual diagram displaying how the Chapters in this thesis are related. 
 

habitat types or faunal assemblages). Unlike most other Australian digging mammals, boodies dig 

warrens as well as foraging diggings, and so studies on boodies can also assess the multiple ways in 

which digging mammals drive changes to their ecosystems. 

 

I capitalised on the presence of islands and fenced mainland sites protecting boodies, and other 

digging mammal species, to conduct the research detailed in Chapters 3 – 6. I carefully assessed the 

suitability of existing protected sites for use in answering my primary research questions and 

selected three as my main study sites – Faure Island Wildlife Sanctuary, Matuwa-Kurrara Kurrara 
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and Yookamurra Wildlife Sanctuary (Figure 3). I also included several additional sites in Chapter 5 

in order to maximise sample sizes and the generalisability of the results from that Chapter (Figure 

3). Detailed descriptions of each site are contained within the relevant Chapters.  

 

In Chapter 3, I started with the smallest scale of ecosystem engineering by digging mammals, their 

foraging diggings, to ask “At the smallest scale, how do digging mammals interact with novel 

ecosystem elements?”. I compared seedling presence, abundance, and species richness in the 

diggings of reintroduced mammals to paired, undisturbed control plots, and looked for differences 

in the response of native and non-native seedling species. This work extends previous studies on the 

interaction between mammal diggings and seedlings (e.g. James et al. 2010, Valentine et al. 2018, 

Ross et al. 2020) to new habitat types, digging mammal species and a richer exploration of the 

interactions with non-native seedling species.   

 

In Chapter 4, I explored the ecosystem engineering processes of reintroduced digging mammals at a 

slightly larger scale by investigating the effect of boodie warrens on soils, vegetation, and vertebrate 

fauna. I asked, “How do digging mammals alter soil and vegetation properties, and interact with 

novel ecosystem elements, when they construct warrens?”. This work provides the first 

comprehensive assessment of the roles and functions of boodie warrens in structuring soils and 

vegetation communities and provides important insights about the likely impacts of reintroducing 

boodies to sites where non-native plants and animals are present.  

 

 
Figure 3. The location of each of the study sites used in this thesis and the Chapters in which they 
appear. My three main study sites are marked with stars; additional sites used in Chapter 5 are 
marked with triangles.  
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In Chapter 5, I moved away from the ecosystem engineering roles of digging mammals to ask, “Do 

digging mammals play a role in seed dispersal and do they interact with novel ecosystem elements 

via this role?”. In this Chapter I addressed a long-standing paradigm that Australian terrestrial 

mammals do not play a significant role in seed dispersal. Preliminary research (Beca et al. 2020; 

Appendix 3) confirmed that seeds fed to captive digging mammals are able to germinate after 

passage through the digestive tract. Building upon this research, in Chapter 5 I tested the viability 

and germination capacity of seeds extracted from the scats of five species of free-living digging 

mammals. I used study sites that also support non-native plant species to assess whether digging 

mammals may facilitate the dispersal of these novel ecosystem elements. This Chapter demonstrates 

the existence of a previously under-researched ecosystem function of digging mammals and the 

importance of considering seed dispersal by these species when planning and monitoring 

translocations.  

 

In Chapter 6 I took a more holistic view in the attempt to answer the question, “Do the small-scale 

effects of digging mammals result in landscape-scale changes to soils and vegetation?”. I used 

traditional transect-based and novel aerial survey techniques to examine differences in soil 

properties and vegetation communities between areas with and without reintroduced digging 

mammals. In this Chapter the questions of scale and the contributions of digging mammals to 

ecosystem restoration are forefront. Chapter 6 links, for the first time, the effects of digging 

mammals at small scales to changes in landscape-scale soil and vegetation patterns and, so, provides 

evidence that reintroductions of digging mammals can contribute to ecosystem restoration at large 

scales.  

 

In the final Chapter, I summarise my findings and provide an integrated interpretation of the results 

from Chapters 2 – 6. Throughout, I explore the ways in which the key challenges I faced during this 

research have shaped my findings and their interpretation. I discuss how my research has expanded 

our understanding of the roles of digging mammals and evaluate the implications of my findings on 

their interactions with novel ecosystem elements. I conclude with a discussion about the implications 

for conservation translocations and management of digging mammals and provide 

recommendations for key areas of future research. 

 

This thesis is presented as a series of papers and, consequently, some repetition between Chapters is 

unavoidable. Each Chapter was written, and originally formatted, as a manuscript for different 

journals, but I have modified their format here to provide consistency throughout the thesis. 

References to other Chapters within this thesis have been highlighted as such. Apart from these 

minor formatting and reference changes, the content of each Chapter is as it appears in the versions 

published by, or submitted to, scientific journals. Chapters 2 and 4 were published prior to the 

submission of this thesis and I have provided copies of the front page of these papers, as they appear 

in their respective journals, in Appendices 1 and 2.  
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Chapter 2 

In this Chapter I explored the use of translocations of Australian digging mammals to achieve 

ecosystem restoration goals. I reviewed published and grey literature on digging mammal 

translocations to assess the frequency with which ecosystem restoration is incorporated into 

translocation goals and monitoring programs. The results indicate an increasing focus on restoration 

goals in translocation programs, emphasising the urgent need to elucidate when, where and how 

digging mammals can contribute to ecosystem restoration.  

 

This Chapter was published in Mammal Review in 2020 and has been reformatted for inclusion in 

this thesis. The front page of the published manuscript is provided in Appendix 1.  

 

 

 

 

Releasing a numbat for one of the translocations reviewed in this Chapter.  

Photo credit: Bohdan Wachomij/AWC. 
 

 
  

 

 

 



Chapter 1 

17 

Translocations of digging mammals and their potential for 

ecosystem restoration: a review of goals and monitoring 

programmes 

 

Bryony J. Palmer, Leonie E. Valentine, Manda Page, Richard J. Hobbs 

 

Abstract 

Globally, translocations are commonly used to improve the conservation status of threatened 

species. There is increasing recognition that translocations of ecosystem engineers also have the 

potential to restore ecological processes. Digging mammals are often considered to be ecosystem 

engineers, as their diggings provide shelter for other species and can significantly alter soil 

properties, with subsequent changes to vegetation. Using Australian species as a case study, we 

reviewed published and grey literature on digging mammal translocations to determine how often 

these translocations are conducted to restore ecosystem processes. We documented ecosystem-level 

monitoring and research efforts, and assessed whether restoration was perceived to be occurring 

post-release. At least 208 translocations of 24 digging mammal species have been conducted in 

Australia, with a further 38 planned for the near future. Prior to 2019, only 3% of translocations 

included a goal relating to the restoration of ecosystem processes associated with digging activities. 

Nearly a quarter of pre-2019 translocations have been the subject of some form of ecosystem-level 

monitoring or research, but long-term ecosystem-level monitoring was very rare. In contrast, 74% of 

the translocations planned for post-2018 include a goal relating to the restoration of ecological 

processes and most also include plans to conduct ecosystem-level monitoring. Ecosystem restoration 

was perceived to be occurring for 26% of the pre-2019 translocations. None of the documents we 

reviewed indicated that ecological degradation had occurred post-translocation, even when declines 

in other taxa were recorded. The restoration of ecosystem processes is increasingly being identified 

as a goal for translocation programmes. Where this is the case, we suggest that translocation 

practitioners include success criteria for the restoration of ecosystem processes, and commit to long-

term monitoring designed to detect ecosystem-level effects of translocations. 

 

Introduction 

Globally, conservation translocations (hereafter ‘translocations’) are used to reduce the risk of 

extinction for threatened species and/or to restore ecosystem functions (IUCN/SSC 2013). There are 
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several types of translocations: ‘reintroductions’ release species into an area from which they had 

been extirpated, ‘reinforcements’ release animals to supplement an existing population, and 

‘introductions’ release species into an area outside of their historic range for conservation purposes, 

either as an ‘assisted colonisation’ to reduce the extinction risk of the species and/or as an ‘ecological 

replacement’ to functionally replace an extinct species (Seddon et al. 2012, IUCN/SSC 2013). In the 

past, post-release monitoring of translocations was often neglected or poorly conducted, and was 

generally centred on determining the survival of the focal species (Seddon et al. 2007). Armstrong 

and Seddon (2008) identified the question: “how will the ecosystem be affected by the target species 

and its parasites?” as a key area requiring further research, but ecosystem-level effects of 

translocations are still rarely examined (Hale and Koprowski 2018). However, the consequences of 

a translocation for other species at the release site could range from beneficial to detrimental (Byers 

et al. 2006), so understanding how translocated species interact with their ecosystem is vital. 

 

Ecosystem engineers are species that influence the availability of resources for other species through 

their manipulation of biotic and abiotic materials (Jones et al. 1994). Mammals that dig for food or 

that have partly or wholly fossorial lifestyles are often considered to be ecosystem engineers (e.g. 

Whitford and Kay 1999, Mallen-Cooper et al. 2019). Such species include prairie dogs (Cynomys spp. 

rodents; Davidson and Lightfoot 2008), pikas (Ochotona spp. lagomorphs; Yu et al. 2017b), and 

bettongs (Bettongia spp. marsupials; Fleming et al. 2014). Digging mammals are found throughout 

the world, but many of them are threatened, and conservation translocations are one recommended 

recovery technique (Davidson et al. 2012). 

 

The soil engineering actions of digging mammals affect numerous ecological processes including soil 

formation (Eldridge and Mensinga 2007, Hagenah et al. 2013), soil-water cycles (Garkaklis et al. 

1998, Valentine et al. 2017), litter decomposition (Hayward et al. 2016), and nutrient cycling (Kurek 

et al. 2013, Yu et al. 2017a). The effects of digging mammals on ecosystem processes influence plant 

communities (Prugh and Brashares 2012, Chapman 2015), in part by altering germination (Bragg et 

al. 2005, James and Eldridge 2007) and growth rates (Valentine et al. 2018). Burrows and warrens 

of digging mammals also provide shelter to a large variety of other animal species (Whittington-

Jones et al. 2011, Desbiez and Kluyber 2013). Digging mammals can have both positive and negative 

impacts within ecosystems (Coggan et al. 2016, Hennessy et al. 2016). For example, the 

reintroduction of Gunnison’s prairie dogs Cynomys gunnisoni had positive effects on other 

vertebrate species in New Mexico, USA (Davidson et al. 2018), but an existing, urban population of 

black-tailed prairie dogs Cynomys ludovicianus in Colorado, USA, facilitated the growth of exotic 

plant species (Beals et al. 2014). 

 

The translocation of species, particularly ecosystem engineers, for the purpose of ecosystem 

restoration has become increasingly common (IUCN/SSC 2013). Examples include the introduction 

of giant tortoises Aldabrachelys gigantea to restore vegetation dynamics on Ile aux Aigrettes, 
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Mauritius, Indian Ocean (Griffiths et al. 2011), the reintroduction of beavers Castor fiber in Scotland, 

UK, to restore wetland biodiversity (Law et al. 2017), and the reintroduction of eastern bettongs 

Bettongia gaimardi to restore ecological processes in degraded Australian woodlands (Manning et 

al. 2015). Although the practice is increasing, the percentage of translocations that include goals 

relating to ecological restoration is not known. Similarly, information on the success of ecological 

restoration through translocations is limited to a few key case studies (e.g. Griffiths et al. 2010, Hale 

and Koprowski 2018). Understanding when and how restoration goals are incorporated into 

translocation planning documents can help to provide a basis for evaluating the appropriateness of 

monitoring programmes and the success of translocations. 

 

Thirty of Australia’s terrestrial mammal species are now extinct, and many persisting species have 

experienced significant range contractions and population declines (Woinarski et al. 2015).  

Translocations are commonly used to reverse declines and secure new populations throughout 

Australia (Burbidge et al. 2014). Many have been successful, particularly those carried out to areas 

free of introduced predators, and translocations are credited with increasing the range and 

abundance of a number of threatened species (Burbidge et al. 2014, Morris et al. 2015). Australia’s 

digging mammals are amongst the most commonly translocated species. For example, the critically 

endangered woylie Bettongia penicillata has been the subject of more conservation translocations 

than any other Australian species (Short 2009). The frequency with which digging mammals are 

translocated in Australia provides an opportunity to examine how ecosystem restoration goals are 

incorporated into translocation planning and management, and to determine whether translocations 

can successfully restore ecosystem processes. 

 

In this paper, we review translocations of Australian digging mammals to document patterns in the 

species being translocated, the organisations responsible, and the type of translocations being 

implemented. We then use these translocations to explore how practitioners approach answering 

Armstrong and Seddon (2008)’s question “how will the ecosystem be affected by the target species?”. 

To do so, we focus on how the restoration of ecological processes has been incorporated into 

translocation planning and implementation, both in past translocations and in those planned for the 

near future. Specifically, we aimed to: (1) create a database of translocations of digging mammals 

that have been or will be conducted; (2) determine the goals of those translocations; (3) determine 

whether monitoring of or research on ecosystem-level effects of translocating the focal species has 

or will be conducted, with a specific focus on the ecological processes affected by their digging 

activities; and (4) examine whether restoration of ecological processes is perceived as occurring 

following the translocation of digging mammals. 
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Methods 

Of Australia’s 309 extant species of native terrestrial mammals, we identified 67 as digging mammals 

based on their foraging and sheltering habits (Supplementary Material 1; Van Dyck and Strahan 

2008). We considered a species to be a digging mammal if it was known to dig for food frequently or 

to create burrows or warrens. This definition includes species such as bettongs, wombats (family 

Vombatidae), and many burrowing rodents. We did not include species that dig infrequently (e.g. 

Tasmanian devils Sarcophilus harrisii, which occasionally excavate burrows for breeding when 

other shelter is unavailable) or create shallow ‘scrapes’ (e.g. many Macropodidae species). 

 

For the species we identified as digging mammals, we considered all types of conservation 

translocations (sensu IUCN/SSC 2013). We defined a translocation event as the release of individuals 

to a specific geographic location (e.g. private property, state forest block or national park). 

Translocations to captive facilities and some trial translocations (e.g. releases of non-breeding 

individuals) were excluded. Translocations to areas that are fenced to exclude feral predators were 

included. Multiple releases of the same species to the same location, over any time frame, were 

treated as one translocation, except when a translocation failed and was re-attempted at a later date 

(n = 3). Multiple releases to different sites within the same geographic location, at the scale of the 

property tenure, were treated as one translocation, except where the species could not disperse 

between those sites due to impenetrable geographic boundaries (e.g. fences or rivers). When 

necessary, we sought clarification from translocation practitioners to determine if such boundaries 

existed.  

 

We included known future-dated translocations with well-defined and documented goals. These, 

except where stated, were analysed separately. We acknowledge that our search could not possibly 

locate all potential future-dated translocations and may be biased towards large, multi-species 

programmes as these may be more likely to be planned further in advance and be better publicised. 

 

Information search methods 

We conducted our search for information between October 2017 and February 2019. We searched 

the ISI Web of Science database for journal articles published prior to July 2018. We used the 

keywords “translocat* OR reintroduc* OR re-introduc*” in the topic field, and refined the search by 

“Australia” in the country field and by “Ecology” OR “Conservation Biology” OR “Zoology” in the 

research category. The search returned 83 articles about translocations of Australian digging 

mammal species. These were assessed further, and articles containing information relevant to this 

review were retained (Supplementary Material 2). Further searches using additional keywords (e.g. 

restor*, augment* or reinforce*) did not yield any additional results. Additional published literature 

was also located by searching the International Union for Conservation (IUCN) Conservation 
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Translocation Specialist Group – Oceania Section’s publications page, the reference lists of published 

articles and the websites of organisations known to have conducted translocations of digging 

mammals. 

 

Translocations are notorious for being poorly documented, particularly in peer-reviewed literature 

(Moro et al. 2015). Published scientific articles typically report on specific research questions using 

a subset of the information about a translocation (Batson et al. 2015). The paucity of information, 

combined with submission and publication biases and the lack of published research led by non-

academic scientists, could skew the results of a review that includes only published literature (Corlett 

2011). Including grey literature in a review can help to resolve these issues by increasing the pool of 

information available and counteracting biases (Haddaway and Bayliss 2015). Grey literature often 

contains descriptive reports of translocations and may be the only written source of information for 

details that do not fit into the standard scientific article template, and so the data contained within 

these documents can be of substantial value (Corlett 2011). For these reasons, we also sourced 

information from grey literature sources. 

 

We conducted a thorough search for grey literature relating to translocations of Australian digging 

mammals, using a Google search on the term “Australia + translocation + mammal”; searching for 

specific site and species combinations (e.g. “Currawinya National Park” + “bilby”) referred to in other 

documents, such as review articles, and by assessing the reference lists of published articles, the 

websites of organisations known to conduct translocations and the IUCN Global Reintroduction 

Perspectives series. Once grey literature documents were located, these also provided references for 

additional relevant grey literature. We also sought information by directly contacting the 

environmental department of all of Australia’s State and Territory Governments and non-

government organisations (NGOs) known to conduct translocations. Document types searched for, 

and obtained, included translocation proposals, internal reports, management plans, newsletters, 

website pages, student theses, and personal communications. 

 

We searched the acquired published and grey literature to identify translocations. Additional 

translocations were also identified from searches of practitioners’ translocation databases. Once 

translocations were identified, we conducted further searches for published and grey literature 

relevant to each translocation using the methods described above. While we made every effort to 

locate and acquire all relevant published and grey literature on each identified translocation, we 

acknowledge that additional documents may exist. 

 

Database compilation and analyses 

We collected 326 relevant references, of which 66 were published scientific articles and the 

remainder various forms of grey literature (Supplementary Material 2). Additional references on 
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Australian digging mammal translocations were located and assessed but excluded from our review 

because they did not contain information on either the goals of the translocation or on monitoring 

or research relevant to the species’ digging activities. For each translocation, we extracted and 

summarised information on the species translocated, year of first release, organisation type 

responsible, geographic location, release site type, and climatic zone (see Table 1 for categories and 

definitions). We also extracted and summarised information on the translocation goals and 

objectives, the status of the translocated population, and the monitoring and research conducted for 

each translocation (Table 1, and discussed below). Not all variables were available for every 

translocation. 

 

We assessed the goals and objectives (hereafter ‘goals’) of each translocation, to determine why the 

translocations were conducted. We developed categories based on the goals extracted from the 

documentation and then assigned each goal to one category (Table 1). Goals relating to the 

restoration of ecological processes were typically associated with the digging activities of the focal 

species (i.e. the species being translocated) but a small number of translocations (n = 3) had goals 

for the restoration of other processes (e.g. seed dispersal); these goals were excluded from further 

analyses. We assessed trends in the types of goals included in translocation plans for year of 

translocation and species translocated. In addition to assessing the goals, we reviewed each 

document for instances where the focal species’ perceived ecosystem engineering roles and/or the 

restoration of ecological processes were referred to as a justification for, or additional benefit of, the 

translocation. This information was summarised, and trends through time and by species were 

examined. 

 

Translocations that establish and persist may be more likely to be the subject of ecosystem-level 

monitoring or research projects than those that fail. We used information in documents we had 

accessed, where this was considered up to date, to determine population persistence. If no such 

information was available, we confirmed the current status of the population with the relevant 

translocation practitioner. Translocations were categorised as ‘persisting’ if the population of the 

focal species had been maintained for at least five years and was still present in December 2018 

(Table 1). Translocations were classed as failures if a functional population was no longer persisting 

after five years and/or was no longer persisting in December 2018. Although older translocations 

may be more likely to be classed as failures using this criterion, it allowed us to create an up-to-date 

picture of the status of the translocations in our database. Data were summarised to provide overall 

persistence and failure rates and trends through time. Future-dated translocations were excluded 

from these analyses. 
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Table 1. The information collected for review, from 246 translocations of Australian digging 
mammals. 

Variable Category Definition 

Species NA The species translocated 

Year NA The year of first release  

Location NA The geographical location of the translocation release 
site, at the scale of property tenure (e.g. national park, 
private property or island) 

Type of translocation Introduction The release site is not part of the species' historic range 

  Reintroduction The release site is part of species' historic range and the 
species was locally extinct at the time of the 
translocation 

  Reinforcement The species was present at the release site at the time of 
the translocation 

Climatic zone Arid Combination of the ‘Desert’ zones in Bureau of 
Meteorology (2001) 

 Semi-arid Combination of the ‘Grasslands’ zones in Bureau of 
Meteorology (2001) 

 Temperate Combination of the ‘Temperate’ and ‘Subtropical’ zones 
in Bureau of Meteorology (2001) 

 Tropical  Combination of the ‘Equatorial’ and ‘Tropical’ zones in 
Bureau of Meteorology (2001) 

Organisation type Government State or Commonwealth government agency 

  NGO Non-government organisation  

  Development Development or mining company (or a consultant on 
their behalf) 

  Collaboration Two or more organisations working together 

  Other Private landowners and universities 

Release site type Fenced Release site is surrounded by a predator-proof fence 

  Island Release site is an island 

 Partially fenced Release site is fenced but this fence either does not 
exclude all predators or does not completely surround 
the release site; may occur in conjunction with other 
forms of feral predator control 

  Unfenced Release site is on the mainland and unfenced; other 
forms of feral predator control may be used 

Translocation 
outcome 

Success The population has persisted for at least five years and 
was still persisting in December 2018 

  Failure The population has not persisted for longer than five 
years and/or was no longer persisting in December 
2018 

  Pending  The population was established less than five years ago 
or is not yet considered established 

  Unknown The status of the population is not known 

  NA The translocation has not yet occurred 

Goal category Reduce extinction risk A goal of the translocation was to improve the 
conservation status, reduce the extinction risk, increase 
the overall population size, increase the number of 
populations and/or increase the distribution of the 
focal species 

  Restoration –  
species assemblage 

A goal of the translocation was to return the focal species 
to the release site’s faunal community, without 
reference to restoring any of the focal species’ roles 
within the ecosystem 

  Restoration –  
ecological processes 

A goal of the translocation was to restore the ecosystem 
processes associated with the digging activity of the 
focal species, without reference to reducing extinction 
risk or restoring an historic species assemblage 

  Research A goal of the translocation was to obtain further 
knowledge about the focal species 
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  Population management A goal of the translocation was to manage an aspect of 
the source or translocated population, for example to 
manage the population size of the source population or 
to increase the genetic diversity or population size of a 
translocated population. In some cases, goals in this 
category could be considered a subset of goals in the 
‘reduce extinction risk’ category  

  Development A goal of the translocation was to remove animals from 
development sites. Translocations with a goal in this 
category always had at least one other goal in either the 
‘reduce extinction risk’, ‘restoration – species 
assemblage’ or ‘restoration – ecological processes’ 
categories  

  Unknown The goals of the translocation are unknown. 
Translocations with unknown goals were included in 
the review if they involved a species threatened at either 
a regional or national level and were conducted by a 
conservation organisation 

Monitoring/research 
type 

Standard monitoring Survey conducted as part of the core monitoring 
program of the organisation responsible for the 
translocation 

Internal research Survey conducted for a specific research project, usually 
for a short duration, by the organisation responsible for 
the translocation 

 External research Survey conducted for a specific research project, usually 
for a short duration, conceived and carried out by 
someone external to the organisation responsible for 
the translocation. 

 Collaborative research Survey conducted for a specific research project, usually 
for a short duration, conceived and/or worked on by 
both the translocation organisation and external parties 

Monitoring/research 
frequency 

Regular Survey conducted at regular intervals (e.g. annually) 
over a number of years 

Irregular Survey conducted multiple times, but at irregular 
intervals, over a number of years 

Once-off Survey conducted on a single occasion or on multiple 
occasions over a short time period (weeks to months) 

Monitoring/research 
outcome 

Restoration The author of the monitoring/research project included 
a statement indicating that they believed restoration of 
an ecological function was occurring 

  Neutral The research/monitoring project detected no significant 
differences, or the author determined that significant 
differences had no effect on other species or the 
ecosystem 

  Degradation The author of the monitoring/research project included 
a statement indicating that they believed the differences 
they detected represented ecosystem degradation 

  Not determined The author of the monitoring/research project did not 
include a statement indicating their interpretation of 
the direction of change 

  Pending  The results of the monitoring/research are not yet 
available or the study is not yet complete 

  Unknown The results of the monitoring/research are not known or 
could not be found 

Ecological properties 
and processes 
affected by digging 
mammals 

 

Soil properties Includes soil moisture, water infiltration, nutrients and 
compaction 

Soil biota Includes fungi, bacteria, invertebrates 

Plant responses Includes abundance, species richness, species 
composition, species diversity and germination rates 

 Other fauna Includes abundance, species richness, species 
composition, species diversity and use of 
burrows/warrens by mammals, birds, reptiles, 
amphibians or invertebrates 
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For each translocation, we identified whether there was any associated monitoring or research 

examining the effects of the focal species’ digging activities on ecosystem properties or processes. 

Where this was the case, we recorded and summarised the ecosystem property or process under 

investigation, the type of monitoring or research and its frequency (Table 1). We did not search for 

monitoring of, or research on, any other aspects (e.g. the focal species’ population size, genetics or 

habitat use) though this was conducted for many translocations. We also assessed the monitoring 

and research plans for known future-dated translocations; these translocations were considered 

separately to those that occurred prior to December 2018. We summarised the outcomes of the 

monitoring or research conducted on translocations that commenced prior to December 2018 to 

determine whether restoration of ecological processes was perceived to be occurring. We did this by 

subjectively assessing the authors’ interpretation of their results in documents such as internal 

reports, student theses, and published articles. The perceived outcomes were categorised as 

‘restoration’, ‘degradation’, ‘neutral’, or ‘undetermined’ (see Table 1 for definitions). Where we could 

not find documentation of results of a monitoring or research programme we categorised outcomes 

as ‘unknown’. We assigned the category ‘pending’ to monitoring or research programmes that had 

commenced, but for which results were not yet available. 

 

Data validation 

Because our database compilation required classification of qualitative data, some subjective 

assessments and extensive use of grey literature, we undertook a data validation process to ensure 

data accuracy. After the initial data compilation step was complete, we sent copies of the information 

we had extracted and interpreted to the relevant translocation practitioners. Practitioners were 

asked to review the information to ensure facts were correct, that they agreed with the interpretation 

of the information collected for each translocation, and that there was no missing information or 

translocations. The database was then updated with any corrections or additional information. 

February 2019 was used as a final cut-off for the inclusion of information from practitioners during 

the data validation process. 

 

We were able to send data validation requests to a responsible practitioner for 236 (96%) of the 

translocations in our database. For some older translocations and where the responsible 

organisation had ceased to exist, we were unable to obtain contact information for a responsible 

practitioner. In total, practitioners returned reviews for 208 (85%) translocations, resulting in a high 

rate of data validation. In some cases, responses were provided by an organisation but not the 

personnel directly responsible for the translocation. We included all of the collected data in our 

analyses, regardless of whether they were validated or not. 
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Results 

General trends 

We identified 271 translocations of 28 Australian digging mammal species dating from 1924 to post-

December 2018. Twenty-five translocations did not meet our criteria for inclusion, leaving a total of 

246 translocations of 28 species for further analysis (Table 2). Of these, 208 commenced prior to 

December 2018 and 38 were in the planning stage at that date. The earliest recorded translocation 

of a digging mammal occurred in 1924 but only 12% were conducted prior to 1990 (Figure 1). Activity 

peaked at 73 translocations in the 1990s and has since remained steady at approximately 50 

translocations per decade (Figure 1). Government organisations were responsible for 68% of past 

translocations but will conduct only 18% of known future-dated translocations. NGOs and 

collaborations were responsible for 28% of past translocations but will conduct the majority (82%) 

of known future-dated translocations. 

 

Digging mammals have been translocated to 146 sites, with an additional eight sites included in 

known future-dated translocations (Figure 2a). Past translocation sites were more often in temperate 

climatic areas, while known future-dated translocation sites are more evenly located amongst 

temperate, semi-arid and arid areas (Figure 2b, c). Tropical areas are poorly represented in both past 

and known future-dated translocations. Eighty percent of the translocations are reintroductions, 11% 

are reinforcements, and 9% are introductions. All of the introductions are assisted colonisations, 

with one translocation also considered an ecological replacement. 

 

Twenty-four species from eight families had been translocated prior to December 2018 (Table 2). 

Fourteen species from six families, including four new species, will be translocated in known future-

dated projects (Table 2). Combined, this represents 42% of Australia’s digging mammal species. 

Sixty percent of nationally threatened digging mammals have been or will be translocated, but only 

50% of all digging mammal translocations involve threatened species. Most translocations have been 

of bettongs, potoroos Potorous spp. and bandicoots (family Peramelidae) but these species, and 

wombats, are less commonly included in known future-dated translocations. Rodents and dasyurids 

are included in a higher percentage of known future-dated translocations than past translocations. 

 

Translocation goals 

Most translocations (61%) had multiple goals. Goals in the ‘reduce extinction risk’ category were the 

most common and were included in 75% of past and 82% of known future-dated translocations 

(Figure 3a). The restoration of ecological processes was a goal for just seven (3%) of the 208 

translocations conducted prior to December 2018 (Table 2, Figure 3a). In contrast, 74% (28/38) of 

known future-dated translocations included the restoration of ecological processes as a goal (Figure 

3a). Prior to 2018, the restoration of ecological processes was included as a goal for translocations of 
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Figure 1. The number of Australian digging mammal translocations included in this review per 
decade. Future-dated translocations were in the planning stage at the time of data compilation. 

 

 
Figure 2. a) The release sites of 246 translocations of Australian digging mammals; b) the broad 
climatic zone of translocation release sites used prior to December 2018; c) the broad climatic zone 
of known future-dated (post-2018) translocation sites. 
 



Chapter 1 

28 

Table �. The number of translocations of Australian digging mammals organised by species, for all 
translocations, translocations with goals including restoration of ecological processes, successful 
translocations, and translocations with monitoring of or research on ecological processes. Figures in 
parentheses are percentages of the total number of completed or known future-dated translocations. 
NA = not applicable. 

Species 
Translocations 

Translocation goals 
included restoration of 

ecological processes 
Success 

Monitoring of, or 
research on, ecological 

processes 
Completed Future-

dated 
Completed Future-

dated 
Completed Completed Future-

dated 

MONOTREMES        
Tachyglossidae  

Tachyglossus aculeatus ` (a.b) a (a) a (a) NA ` (`aa) a (a) NA 
MARSUPIALS        
Dasyuridae  

Antechinus minimus ` (a.b) a (a) a (a) NA a ` (`aa) NA 
Dasycercus blythi a (a) ` (c.d) NA ` (`aa) NA NA ` (`aa) 
Dasycercus cristicauda a (a) ` (c.d) NA a (a) NA NA a (a) 

Myrmecobiidae   
Myrmecobus fasciatus `e (d.f) e (`a.b) a (a) c (ba) d (ec.g) d (ec.g) h (fb) 

Peramelidae   
Isoodon auratus d (c.g) c (b.h) c (hh.h) c (`aa) b (ih.h) a (a) c (`aa) 
Isoodon obesulus h (`.e) c (b.h) a (a) c (`aa) c (dd.f) ` (hh.h) ` (ba) 
Isoodon fusciventer hh (`b.g) a (a) a (a) NA `d (ei.b) e (`c.`) NA 
Perameles bougainville e (`.g) b (`h.c) a (a) e (ia) c (ba) c (ba) e (ia) 
Perameles gunnii `` (b.h) c (b.h) a (a) a (a) c (`i.c) h (cf.h) ` (ba) 

Thylacomyidae   
Macrotis lagotis `b (f.c) h (f.g) ` (d.f) h (`aa) i (bh.h) i (bh.h) h (`aa) 

Vombatidae   
Lasiorhinus krefftii ` (a.b) a (a) a (a) NA a (a) ` (`aa) NA 
Lasiorhinus latifrons f (h.e) a (a) a (a) NA h (ec.g) ` (`e.h) NA 
Vombatus ursinus c (`) a (a) ` (ba) NA ` (ba) ` (ba) NA 

Potoroidae   
Aepyprymnus rufescens ` (a.b) a (a) a (a) NA ` (`aa) ` (`aa) NA 
Bettongia gaimardi c (`) a (a) ` (ba) NA ` (ba) ` (ba) NA 
Bettongia penicillata fh (hb.`) b (`h.c) ` (`.e) b (`aa) cc (ha.`) i (``) b (`aa) 
Bettongia lesueur  `c (b.i) d (`b.i) ` (i.h) b (ih.h) f (bi.h) b (e`.f) b (ih.h) 
Potorous gilbertii h (`.e) a (a) a (a) NA c (dd.f) a (a) NA 
Potorous tridactylus h (`.e) a (a) a (a) NA c (dd.f) ` (hh.h) NA 

EUTHERIANS        
Muridae   

Hydromys chrysogaster c (`) a (a) a (a) NA a (a) a (a) NA 
Leggadina lakedownensis ` (a.b) a (a) a (a) NA ` (`aa) a (a) NA 
Notomys mitchellii a (a) ` (c.d) NA ` (`aa) NA NA ` (`aa) 
Pseudomys australis c (`) c (b.h) a (a) a (a) a (a) a (a) ` (ba) 
Pseudomys chapmani e (`.g) a (a) a (a) NA ` (cb) a (a) NA 
Pseudomys desertor a (a) ` (c.dh) NA ` (`aa) NA NA ` (`aa) 
Pseudomys fieldi d (c.g) h (f.g) a (a) c (dd.f) c (hh.h) ` (`d.f) c (dd.f) 
Rattus fuscipes ` (a.b) a (a) a (a) NA a (a) a (a) NA 

TOTAL cai hi f (h.e) ci (fe.a) ib (ea.g) eb (c`.d) ha (fi.g) 

 

six species from three families (Table 2). Future-dated translocations of four of those species, plus 

an additional seven species from three additional families, also include the restoration of ecological 

processes as a goal (Table 2). 

 

In addition to those translocations that included the restoration of ecosystem processes as a goal, 

22% of all translocations identified the role of digging mammals in regulating ecosystem processes 

as an additional justification for the translocation. Although more past translocations included this 

concept as a justification than as a goal, it was still more commonly included as a justification in 

future-dated translocations (Figure 3b). 
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Figure 3. a) Goals of 246 Australian digging mammal translocations; b) translocations that 
included the restoration of ecological processes associated with digging mammals as an additional 
justification for the translocation. Percentages for past and known future-dated translocations for 
both a) and b) were calculated using the total number of past (n = 208) and known future-dated 
translocations (n = 38), respectively. 
 

Population persistence 

Overall, slightly more translocations of digging mammals persisted for at least five years prior to 

December 2018 (41%) than failed (39%). The results of 15% remain pending, and for 5%, the fate of 

the translocation is unknown. A greater percentage of translocations to fenced areas and islands 

(67%) persisted than translocations to areas that did not completely exclude feral predators (24%). 

Population persistence has not improved over time, though the results of 59% of translocations from 

the decade commencing in 2010 remain pending (Figure 4). 
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Figure 4. The outcomes of 206 Australian digging mammal translocations. The total number of 
translocations per decade were 1960-1969 – 2, 1970-1979 – 12, 1980-1989 – 14, 1990-1999 – 73, 
2000-2009 – 53, 2010-2018 – 52. Translocations conducted prior to 1960 (n = 2; both persisting) 
are not shown. Letters above the bars indicate the outcomes (F=Failure, Pn=Pending, 
Ps=Persisting, U=Unknown). 
 

Monitoring of and research on ecological processes 

Forty-five translocated populations (22% of past translocations) have been the subject of at least one 

monitoring or research project examining the impact of the focal species’ digging activities. In 

contrast, 30 (79%) known future-dated translocations are planning monitoring of or research on 

those ecological processes (Table 2). Monitoring or research projects have been conducted on 32 

persisting translocations and on ten populations that are still establishing, but on only two failed 

translocations and on one for which persistence is unknown. Monitoring of ecological processes was 

conducted for three of the seven past translocations that included the restoration of ecological 

processes as a goal; most monitoring and research has been conducted on translocations that did not 

include this goal type (n = 42, or 20% of translocations not conducted to restore ecological 

processes). However, many of those translocations (n = 17, 65%) included the restoration of 

ecological processes as an additional justification for the translocation. 

 

The majority of the monitoring and research that has been conducted to date is in the form of once-

off (74%) and/or externally-driven research projects (49%). Very little regular (e.g. annual or 

biannual) monitoring has been conducted. We found only two instances of internal monitoring 

projects extending for more than five years. In contrast, most of the monitoring and research (70%) 

included in the plans for future-dated translocations is intended to be conducted regularly, in the 
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long-term, as part of the core management of the translocation. All of the major ecological processes 

we identified as being associated with digging mammals’ digging activities (Table 1) have been 

included in multiple past monitoring or research projects. Monitoring and research techniques used 

were primarily comparisons between areas with and without the digging mammal (either through 

the use of exclusion plots or adjacent sites with and without the species), but also included 

comparisons between diggings and undisturbed ground within translocation sites, and assessment 

of the effects on other fauna post-translocation. 

 

Perceived ecological outcomes of translocations 

The changes detected in 26% of monitoring or research projects were perceived as being associated 

with the restoration of the ecological processes of interest by the study authors (Figure 5). A similar 

percentage of authors either did not indicate whether the significant effect they found represented 

the restoration of ecological processes or found that translocated digging mammals had no 

significant effect on the ecosystem variable of interest (Figure 5). No authors perceived the changes 

they detected as representing ecological degradation. 

 

Figure 5. The results of 44 monitoring or research projects investigating the ecological role of 
translocated Australian digging mammal populations, as perceived by the authors of each project. 
Numbers above each bar indicate the number of translocations with that result. The total number of 
translocations that were monitored is greater than the number of projects, because many projects 
included multiple translocated populations. Definitions of the categories on the x-axis can be found 
in Table 1. 
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Discussion 

Our review highlights the frequency with which digging mammals are translocated in Australia. We 

identified 208 translocations of 24 species conducted over the past 90 years, most since 1990. Our 

results show that there has been a recent shift in the goals of digging mammal translocations in 

Australia. Prior to December 2018, only 3% of translocations included a goal relating to the 

restoration of ecological processes, but 74% of known future-dated translocations include a goal in 

this category. A similar increase is evident in the amount of monitoring of ecological impacts of 

translocated populations being planned for known future-dated translocations. 

 

General trends 

Digging mammals are amongst the most frequently translocated species in Australia; the species that 

we identified in our review make up the majority of the translocations included in previous reviews 

(e.g. Short 2009, Clayton et al. 2014). The frequency of digging mammal translocations reached a 

peak in the 1990s but subsequently declined to approximately 50 translocations per decade. The 

most recent comprehensive review of Australian translocations (Short 2009) is now more than 10 

years old, making it difficult to determine whether the frequency of Australian translocations more 

generally shows a similar pattern. 

 

Our review showed that, although Government departments were responsible for the majority of 

past translocations, NGOs and collaborations will carry out most known future-dated translocations. 

However, for some future-dated translocations, NGOs and collaborations have been contracted to 

conduct translocations on behalf of Government agencies, and Government agencies form part of 

some collaborations. Since 2013, the Australian Commonwealth and most State Governments have 

reduced spending on the environment (Australian Conservation Foundation 2018), potentially 

making it more difficult for government departments to conduct expensive conservation 

interventions such as translocations. Recent Commonwealth Government policies which emphasise 

partnerships with, and provide funding to, NGOs involved in threatened species conservation may 

also be partly responsible for the increase in private organisations conducting translocations 

(Australian Government 2015). A similar shift towards the ‘privatisation’ of conservation actions is 

occurring in New Zealand and elsewhere, and has been suggested as a way to improve on current 

conservation practices and increase involvement by the wider community (Innes et al. 2015). 

 

Most past translocations have been conducted in temperate regions of southern Australia. The 

representation of semi-arid and arid zones is increased in future-dated translocations, but 

translocation rates in tropical regions of northern Australia remain very low. Many of the threatened 

digging mammal species that have not yet been included in a translocation programme are also from 

northern Australia. Although mammal populations in northern Australia were once thought to be 

secure, declines similar to those seen in southern Australia are now recognised to be occurring 
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(Woinarski et al. 2011). Translocations have been suggested as a technique for mitigating some of 

these declines (Ziembicki et al. 2015) but, at least for digging mammals, this suggestion has not yet 

been implemented. 

 

Species listed as threatened at a national level comprise only half of all digging mammal 

translocations. The percentage is even lower for species listed as threatened on the IUCN Red List. 

For past translocations, this probably represents a focus on regional, rather than national, 

conservation concerns, a pattern which has also been recorded in North America (Brichieri-Colombi 

and Moehrenschlager 2016). For future-dated translocations, however, we believe an increased focus 

on ecosystem restoration may be the primary motivation for the translocation of non-threatened 

species. This has also led to an increase in translocations of relatively small, less charismatic species, 

such as rodents and small dasyurids. 

 

Translocation goals 

The most commonly included goals in Australian digging mammal translocations related to reducing 

the extinction risk of the focal species. However, 50% of translocations were conducted on species 

not listed as nationally threatened, so this may reflect a focus on regional conservation concerns. 

Assessment of translocation programme goals is not common in the literature; however, 

conservation concerns have been found to be similarly dominant for Australian translocations more 

generally (Nally and Adams 2015) and in North American translocation programme goals (Brichieri-

Colombi and Moehrenschlager 2016). 

 

We were primarily interested in whether any of the translocations assessed in this review included 

the restoration of the ecological processes regulated by digging mammals as a goal. We found that 

this was very uncommon prior to December 2018, but occurred frequently in known future-dated 

translocations. Translocations to restore ecosystem function are more common in North America 

than what we found for Australian digging mammals (Brichieri-Colombi and Moehrenschlager 

2016), but trends for the rest of the world are yet to be investigated. Ewen et al. (2014)’s review of 

herpetological translocations (the only taxa-specific review covering translocation goals that we 

could locate) found that, as for Australian digging mammals, ecosystem restoration was only 

occasionally included in translocation goals. 

 

Although most past translocations that included a goal  for the restoration of ecological processes 

occurred prior to the publication of the updated IUCN translocation guidelines (which include the 

restoration of ecosystem functions in the definition of conservation translocations for the first time; 

IUCN/SSC 2013), the guidelines may have encouraged the increased adoption of restoration as a 

goal as seen in the known future-dated translocations. Understanding of the ecological roles of 

Australian digging mammals has increased over the past decade, and this could also be inspiring 

more translocation practitioners to include the restoration of their roles as a translocation goal. In 
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addition, the recent Australian Commonwealth Government’s Threatened Species Strategy 

prioritises funding and action for threatened species based on their ‘importance to the environment’, 

amongst other reasons (Australian Government 2015). This may also be influencing practitioners to 

include ecological justifications for conducting translocations of threatened species. 

 

We assessed documented translocation goals, but this may not give a complete picture of the 

thoughts and attitudes of the translocation practitioners during their planning process. During our 

data collation process, several translocation practitioners conveyed that, while it wasn’t articulated 

in their planning documents, they had considered the restoration of ecological processes to be an 

important part of their translocation. These comments suggest that, although it has only recently 

become common to include the restoration of ecological processes in translocation programme goals, 

at least some practitioners have been aware of the ecological roles of digging mammals for some 

time. 

 

Population persistence 

We did not seek to explore factors affecting translocation success, but included population 

persistence primarily to investigate patterns in the inclusion of ecosystem-level monitoring or 

research. However, we note that the persistence rate for digging mammal translocations to release 

sites with no feral predators was much higher than for translocations to sites with feral predators 

and that the persistence rate of digging mammal translocations (41%) is higher than the average 

Australian vertebrate translocation persistence rate (32%, Short 2009). 

 

Monitoring of, and research on, ecological processes 

We found that, despite few past translocations including the restoration of ecological processes as a 

goal, many assessed the ecosystem-level impacts of the focal species in some way. For most 

translocations, this was achieved via research projects that were run by, or in conjunction with, 

academic researchers. In fact, a large proportion of Australian digging mammal research has been 

conducted on translocated populations, such as those found at the Arid Recovery Reserve in South 

Australia (e.g. James and Eldridge 2007, Newell 2008). Translocated populations may be more 

appealing to researchers because they can be easier to access than extant populations, and sites often 

provide areas with and without the digging mammals in close proximity. Monitoring of and research 

on ecological processes associated with digging was primarily conducted on translocations that have 

persisted for more than five years, probably reflecting a perception that ecosystem-level effects will 

be easier to detect in long-established populations. 

 

Ecosystem-level questions, for example “How will the ecosystem be affected by the target species”, 

are rarely addressed in translocation monitoring (Armstrong and Seddon 2008, Moro et al. 2015, 

Taylor et al. 2017). This was reflected in the results of this review; we found that past translocations 

have rarely included long-term ecosystem-level monitoring programmes. There is a lack of 
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knowledge about the roles of digging mammals in Australian ecosystem function prior to their 

decline or extirpation, and studying translocated populations has been proposed as a way to 

“reconstruct that critical understanding” (Manning et al. 2015, p. 169). Fortunately, a trend towards 

more ecosystem-level monitoring appears to be emerging. Ten translocations with a pending 

persistence outcome are conducting monitoring of and research on ecosystem-level effects. We also 

found the majority of known future-dated digging mammal translocations include intentions to 

conduct long-term monitoring as part of their management of the translocated population. 

 

The gap between researchers and practitioners, and the low rate of uptake of research by 

practitioners, are frequently cited as problems in conservation science (e.g. Pullin et al. 2004, 

Shanley and López 2009, Ewen et al. 2014). In contrast, the results of this review demonstrate a clear 

intention for known future-dated translocations to include restoration of ecosystem as a goal, 

potentially indicating that translocation practitioners are incorporating recent research in this field 

into their practice. The dramatic increase in the inclusion of the restoration of ecological processes 

in translocation programme goals and the inclusion of long-term monitoring plans focussed on the 

ecological roles of digging mammals both indicate that practitioners are aware of, and are utilising, 

the research conducted on previously translocated digging mammal populations for their own 

programmes. 

 

Perceived ecological outcomes of translocations 

Ecological changes, detected via monitoring and research projects following the translocation of 

digging mammals, were perceived by 26% of the project authors as an indication that restoration of 

ecological processes was occurring. Statements such as “This study highlights the benefits of 

reintroducing ecosystem engineers for the services they offer…” (Hayward et al. 2016, p. 493) or 

“Reintroduction of bilbies and bettongs therefore likely has positive and unique impacts…” (James 

and Eldridge 2007, p. 358) were found in such papers. However, many authors did not provide a 

clear statement about what effect the changes they detected were having on the ecosystem. A lack of 

baseline data about how Australian ecosystems functioned prior to the loss of digging mammals was 

sometimes cited as the main impediment to the interpretation of their results (e.g. Verdon et al. 

2016). 

 

Although digging mammals have been associated with negatively perceived impacts elsewhere (Beals 

et al. 2014), and one translocated population included in our review has been implicated in 

degradation of vegetation through over- grazing (Moseby et al. 2018), we found no studies that 

suggested ecosystem degradation was occurring as a result of the digging impacts of translocated 

digging mammals. Some areas supporting translocated populations of digging mammals were found 

to have lower abundances of some taxa, particularly invertebrates, than areas without the 

translocated populations, but none of the studies linked this to ecosystem degradation (e.g. Silvey et 

al. 2015, Coggan et al. 2016). 
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To our knowledge, this review was the first to use authors’ statements to interpret whether 

translocations can successfully restore ecosystem processes. Although this was a subjective process 

and our results include only our interpretation of the authors’ statements, we believe they are likely 

to represent how these studies are interpreted by a wider audience. The number of studies that 

include statements we considered as indicating the successful restoration of ecological processes may 

contribute towards explaining the shift towards including restoration as goals for known future-

dated translocations. 

 

Use of grey literature 

We made extensive use of grey literature sources for this review. Just 66 of the 326 documents that 

we obtained were peer-reviewed journal articles. Although grey literature is sometimes criticised for 

a lack of quality and accessibility, we believe that including it significantly strengthened our review. 

Including grey literature in reviews can increase the number of examples and amount of information 

(Haddaway and Bayliss 2015); this was certainly the case for our review. We identified, and obtained 

data on, nearly 250 translocations of Australian digging mammals. In contrast, a recent review of all 

Australian animal and plant translocations using only peer-reviewed literature identified just 54 

translocations (Sheean et al. 2012). While some grey literature may lack the quality of published 

articles, in many cases some form of peer-review process is still applied. For example, Australian 

translocation proposals are typically reviewed by a number of species experts prior to their approval 

(Department of Parks and Wildlife 2015, Department of Environment, Water and Planning 2016). 

We also increased the reliability of the data we retrieved from the grey literature through our robust 

data validation process. Bayliss and Beyer (2015) encourages the inclusion of grey literature in 

ecological reviews. We also suggest that reviews of translocations utilise grey literature in order to 

increase the breadth and depth of the included information. 

 

Conclusions 

Success criteria can be a useful way to evaluate translocation outcomes, but a lack of criteria 

reflecting ecosystem-level goals has been reported previously (Ewen et al. 2014) and was also evident 

in our review. To obtain the best results for future translocations, we suggest that practitioners 

should include success criteria for the restoration of ecosystem processes, when restoration is a goal 

of the translocation. While success criteria with specific targets (e.g. a percentage increase in the 

recruitment of key plant species) are ideal, setting such specific targets can be challenging when 

knowledge is limited. In these cases, success criteria could instead take the form of objectives for 

monitoring and research designed to obtain the information needed to set specific targets for the 

restoration of key ecosystem processes. 
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We suggest that translocation practitioners plan, secure funding for and commit to long-term 

monitoring designed to detect ecosystem-level effects of translocations, especially when the 

restoration of ecological processes is included as a goal. Whenever possible, monitoring programmes 

should commence prior to the translocation to obtain pre-translocation baseline data for the 

ecosystem processes of interest. Here, we have focused on the processes associated with mammalian 

digging activity, but all translocated species are likely to affect ecosystem processes in various ways 

(e.g. via trophic interactions, seed dispersal). If the restoration of ecosystem processes is a goal of 

the translocation of any species, appropriate resources should be allocated to monitoring those 

processes. 

 

Translocations for the purpose of restoring ecosystem processes are becoming increasingly common 

internationally (IUCN/SSC 2013). However, monitoring of the ecosystem-level effects of 

translocations remains a somewhat neglected aspect in translocation programmes (Hale and 

Koprowski 2018). Using translocations of Australian digging mammals as a case study, we show that 

the restoration of ecosystem processes is increasingly being identified as a goal for translocation 

programmes. A number of research projects on translocated populations have been used to increase 

our understanding of digging mammals’ roles in Australian ecosystems, but long-term monitoring 

of the effects of translocated populations on their ecosystems is still rare. Encouragingly, we found 

that future-dated translocations now commonly include goals and monitoring plans relating to the 

restoration of ecological processes, suggesting that monitoring of ecosystem-level effects will 

improve in the near future. 
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Supplementary Material 1  

Extant Australian mammal species which dig or burrow, and whether they have been translocated. 

 

Table SM1. Extant Australian mammal species which dig or burrow, their translocation history and conservation status. X = species creates foraging 
digs or burrows. T = species was translocated at least once prior to December 2018. F = species is included in at least one future-dated (post-December 
2018) translocation plan.  

  Digging activity  Conservation status 

Species  Common name Forage Burrow Translocated IUCN1 EPBC2 

MONOTREMES          

Tachyglossidae     

Tachyglossus aculeatus Short-beaked echidna X X T Least concern Not listed 

 
MARSUPIALS 

      

Dasyuridae       

Dasycercus blythi Brush-tailed mulgara  X F Least concern Not listed 

Dasycercus cristicauda Crest-tailed mulgara  X F Near threatened Not listed 

Dasyuroides byrnei Kowari  X  Vulnerable Vulnerable 

Antechinus minimus Swamp antechinus X  T Least concern Vulnerable (mainland subspp) 

Antechinus swainsonii Dusky antechinus X X  Least concern Not listed 

Macropodidae     

Macropus agilis Agile wallaby X   Least concern Not listed 

Myrmecobiidae     

Myrmecobus fasciatus Numbat X X T, F Endangered Endangered 

Notoryctidae       

Notoryctes caurinus Northern marsupial mole  X  Least concern Not listed 

Notoryctes typhlops Southern marsupial mole  X  Least concern Not listed 

Peramelidae     

Echymipera rufescens Rufous spiny bandicoot X X  Least concern Not listed 

Isoodon auratus Golden bandicoot X  T, F Vulnerable Vulnerable 

Isoodon fusciventer Quenda X  T Least concern Not listed 

Isoodon macrourus Northern brown bandicoot X   Least concern Not listed 



Chapter 1 

43 

Isoodon obesulus Southern brown bandicoot X 
 

T, F Least concern Endangered (eastern and south-
eastern subspp) 

Perameles bougainville Shark Bay bandicoot X  T, F Vulnerable Endangered 
Perameles gunnii Eastern barred bandicoot X 

 
T, F Vulnerable Endangered (mainland subspp) 

Perameles nasuta Long-nosed bandicoot X   Least concern Not listed 

Potoroidae    

Aepyprymnus rufescens Rufous bettong X  T Least concern Not listed 

Bettongia gaimardi Eastern bettong X  T Near threatened Not listed 

Bettongia lesueur  Boodie  X X T, F Near threatened Vulnerable 

Bettongia penicillata Woylie  X  T, F 
Critically 

endangered 
Endangered 

Bettongia tropica Northern bettong X   Endangered Endangered 

Potorous gilbertii Gilbert's potoroo X  T 
Critically 

endangered 
Critically endangered 

Potorous longipes Long-footed potoroo X   Vulnerable Endangered 
Potorous tridactylus Long-nosed potoroo X 

 
T Near threatened Vulnerable 

(SE mainland subspp) 
Thylacomyidae         

Macrotis lagotis Bilby X X T, F Vulnerable Vulnerable 

Vombatidae         

Lasiorhinus krefftii Northern hairy-nosed wombat  X T 
Critically 

endangered 
Critically endangered 

Lasiorhinus latifrons Southern hairy-nosed wombat X T Near threatened Not listed 

Vombatus ursinus Common wombat  X T Least concern Not listed 
 
EUTHERIANS 

      

Muridae           

Leggadina forresti Central short-tailed mouse X  Least concern Not listed 

Leggadina lakedownensis Northern short-tailed mouse X T Least concern Not listed 

Notomys alexis Spinifex hopping-mouse X  Least concern Not listed 

Notomys aquilo Northern hopping mouse X  Endangered Vulnerable 

Notomys cervinus Fawn hopping-mouse  X  Near threatened Not listed 

Notomys fuscus Dusky hopping-mouse  X  Vulnerable Vulnerable 

Notomys mitchellii Mitchell's hopping-mouse X T Least concern Not listed 

Pseudomys albocinereus Ash-grey mouse  X  Least concern Not listed 
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Pseudomys apodemoides Silky mouse  X  Least concern Not listed 

Pseudomys australis Plains mouse  X T, F Vulnerable Vulnerable 

Pseudomys bolami Bolam's mouse  X  Least concern Not listed 

Pseudomys calabyi Kakadu pebble-mound mouse X  Vulnerable Not listed 

Pseudomys chapmani Western pebble-mound mouse X T Least concern Not listed 

Pseudomys delicatulus  Delicate mouse  X  Least concern Not listed 

Pseudomys desertor  Desert mouse  X F Least concern Not listed 

Pseudomys fieldi Shark bay mouse  X T, F Vulnerable Vulnerable 

Pseudomys fumeus Smoky mouse X X  Vulnerable Endangered 

Pseudomys gracilicaudatus Eastern chestnut mouse X  Least concern Not listed 

Pseudomys hermannsburgensis Sandy inland mouse  X  Least concern Not listed 

Pseudomys johnsoni Central pebble-mound mouse X  Least concern Not listed 

Pseudomys novaehollandiae New Holland mouse  X  Vulnerable Vulnerable 

Pseudomys occidentalis Western mouse  X  Near threatened Not listed 

Pseudomys oralis Hastings river mouse  X  Vulnerable Endangered 

Pseudomys patrius Eastern pebble-mound mouse X  Least concern Not listed 

Hydromys chrysogaster Rakali (water rat)  X T Least concern Not listed 

Xeromys myoides Water mouse  X  Vulnerable Not listed 

Melomys burtoni Grassland melomys  X  Least concern Not listed 

Melomys rubicola Bramble Cay melomys3  X  Extinct Extinct 

Uromys caudimaculatus Giant white-tailed rat X X  Least concern Not listed 

Uromys hadrourus Pygmy white-tailed rat  X  Near threatened Not listed 

Pogonomys sp Tree mouse  X  Least concern Not listed 

Rattus colletti Dusky rat X X  Least concern Not listed 

Rattus fuscipes Bush rat X  T Least concern Not listed 

Rattus leucopus Cape York rat  X  Least concern Not listed 

Rattus lutreolus Swamp rat  X  Least concern Not listed 

Rattus sordidus Cane field rat  X  Least concern Not listed 

Rattus tunneyi Pale field rat X X  Least concern Not listed 

Rattus villosissimus Long-haired rat  X  Least concern Not listed 
1The IUCN Red List of Threatened Species. Version 2020-1, 2020. https://www.iucnredlist.org/  
2 The Department of Agriculture, Water and the Environment, 2020. https://www.environment.gov.au/cgi-bin/sprat/public/publicthreatenedlist.pl  
3 The Bramble Cay melomys was listed as extinct in February 2019, after the commencement of this study.  
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Supplementary Material 2  

References used to compile the database of Australian digging mammal translocations. 
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Chapter 3 

It is important to develop a fundamental understanding of how digging mammals may facilitate 

novel ecosystem elements in order to conceptualise their ability to contribute to restoration efforts. 

In this Chapter I consider the smallest scale of ecosystem engineering by digging mammals – 

foraging diggings – and how they influence seedling abundance. Novel interactions, between the 

digging mammals and non-native plants, are at the forefront.  

 

This Chapter was undergoing a second round of review with Ecological Applications at the time of 

thesis submission. The version included here incorporates the changes made in response to the 

reviewer comments on the initial submission and was resubmitted to Ecological Applications in 

February 2021. The manuscript was reformatted for inclusion in this thesis.  

 

 

Clockwise from left: A digging survey transect on Faure, a digging full of Ward’s weed seedlings 

at Yookamurra, and an Acacia seedling growing in a boodie digging at Faure.  

Photo credits: Bryony Palmer and Daniel Bohórquez Fandiño. 
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Soil disturbance by reintroduced digging mammals 

increases non-native seedling abundance 

 

Bryony J. Palmer, Leonie E. Valentine, Cheryl A. Lohr, Richard J. Hobbs 

 

Abstract 

The addition and subtraction of species from ecosystems is altering existing species interactions and 

creating new ones, causing changes to the structure, function and health of ecosystems. Ecosystem 

engineers, such as digging mammals that turn over soil while foraging, may help to mitigate 

ecosystem change or, by facilitating non-native species, drive ecosystems further from their historic 

state. We assessed the impact of foraging digs created by a suite of reintroduced digging mammals 

on native and non-native seedling abundance and species richness at two former Australian pastoral 

properties now managed for conservation purposes. We found that results differed between the 

properties, likely due to different soil and climatic conditions. Overall, seedling abundance was 

higher in diggings compared to undisturbed control plots, but this was driven primarily by the 

presence of non-native plant species at both properties. Diggings supported significantly more non-

native seedlings than control plots, but the abundance of native seedlings did not differ. The diggings 

at one property had significantly higher overall species richness than the controls, and, at both 

properties, more species were recorded solely in the diggings than species that were recorded solely 

in the controls. Our research demonstrates that reintroduced populations of digging mammals 

facilitate both native and non-native plant species. By considering potential interactions with novel 

ecosystem elements during translocation planning, conservation practitioners may be able to 

predict, and take steps to mitigate, undesirable outcomes of reintroductions. 

 

Introduction 

Human actions and interventions are changing species assemblages around the globe (Waters et al. 

2016). New species are being added, often unintentionally, and native species are declining and 

becoming extinct (Hobbs et al. 2018). The addition and subtraction of species from ecosystems is 

altering existing species interactions and creating new ones. Consequently, the structure, function 

and health of ecosystems is changing. New and altered species interactions may be either beneficial 

and/or detrimental for other species in the ecosystem (Shackelford et al. 2013). In some cases, new 

and altered interactions may result in feedback loops that facilitate or reinforce changes to species 

assemblages, ecosystem structure and function (Shackelford et al. 2013).  
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Digging mammals, i.e. mammals that forage or create shelter in soils, are recognised as ecosystem 

engineers and are common in many ecosystems worldwide (Jones et al. 1994, Davidson et al. 2012, 

Beca et al. unpublished). By creating shelter for other fauna and altering soil resources for plants and 

soil biota, many digging mammals play significant roles in shaping and maintaining ecosystems 

(Davidson et al. 2012, Fleming et al. 2014, Coggan et al. 2018, Mallen-Cooper et al. 2019). In 

disturbed areas, ecosystem engineers, including digging mammals, may help to mitigate further 

change and restore ecosystems to previous states (Byers et al. 2006, Manning et al. 2015). However, 

when non-native species benefit, the actions of ecosystem engineers may facilitate ecosystem 

degradation (e.g. Kyle et al. 2008, Prugh and Brashares 2012, Beals et al. 2014). Understanding how 

ecosystem engineers interact with novel ecosystem elements is necessary to predict their impacts on 

altered ecosystems and to ensure appropriate management techniques are used.  

 

Many digging mammals create numerous small excavations, or “diggings”, while foraging for 

underground food resources. These diggings act as resource traps and alter the distribution of soil 

nutrients and moisture. By trapping and burying leaf litter, diggings become sites of increased soil 

nutrients (Whitford and Kay 1999, James et al. 2009, Davies et al. 2019). Diggings accumulate run-

off resulting in higher soil moisture in and below the digging (Garkaklis et al. 1998, Eldridge and 

Mensinga 2007). Along with leaf litter, diggings also trap seeds and protect them from invertebrate 

seed predators (Alkon 1999, Radnan and Eldridge 2017). The increased nutrients, moisture and 

protection combine to provide ideal sites for germination and, consequently, diggings often support 

a greater abundance of seedlings than undisturbed ground (e.g. Dean and Milton 1991, Valentine et 

al. 2017, Ross et al. 2020). The soil disturbance caused by mammal diggings can also promote the 

germination of disturbance-loving species, such as many invasive plants (Hobbs and Mooney 1991, 

Torres-Díaz et al. 2011). 

 

Australian mammals, including many digging species, have undergone severe declines and 

extinctions (Woinarski et al. 2015). The loss of key interactions between digging mammals, soils and 

vegetation has likely led to a general decline in ecosystem function and health across the continent 

(Fleming et al. 2014). Land managers commonly use reintroductions to improve the conservation 

status of Australian digging mammals. More recently, reintroductions of native mammals are also 

being used to restore lost ecosystem processes and functions (Chapter 2 (Palmer et al. 2020)). 

However, environmental change, such as altered climatic conditions, habitat degradation or the 

addition or loss of species, could hinder reintroduced species re-establishing historic interactions 

and/or induce them to form novel interactions (Alston et al. 2019). If environmental changes and 

novel interactions are not considered and addressed, the reintroduction may have unexpected 

results. In extreme cases, the translocation may fail; for example, when feral predators are not 

eradicated or adequately controlled at the release site (e.g. Moseby et al. 2011, Short 2016). In other 

cases, novel interactions, such as the facilitation of non-native species, may lead to further deviation 



Chapter N 

66 

of the release site from its historic state or deterioration of ecosystem properties for other native 

species (Byers et al. 2006).  

 

While previous research has indicated that the diggings of Australian mammals support significantly 

more seedlings than undisturbed ground, the majority of these studies used either artificially seeded 

natural diggings (Valentine et al. 2017), artificial diggings (James et al. 2010) and/or assessed 

germination in a glasshouse setting using soil and litter samples taken from diggings in the field 

(James and Eldridge 2007, James et al. 2009, Valentine et al. 2018). We know of only one study that 

has assessed differences in the response of native and non-native species to foraging diggings (Ross 

et al. 2020). Consequently, there is a need to conduct similar research in a broader range of habitat 

types supporting additional digging mammal species to determine whether there are generalisable 

patterns that can be used to predict the effects of new reintroductions. We searched for evidence of 

interactions between reintroduced digging mammals, and historically co-occurring and novel 

species by investigating the extent to which their diggings facilitated the germination of native and 

non-native plant species. We conducted our research at two sites with habitat types where 

interactions between seedlings and diggings have not previously been assessed and which support 

different suites of Australian digging mammals. We hypothesised that (1) diggings would support 

more seedlings than undisturbed ground, and (2) non-native plant seedlings would respond more 

strongly to the presence of diggings than native plant seedlings.  

 

Methods 

Study sites 

Research was conducted at Faure Island Wildlife Sanctuary (hereafter “Faure”) and Yookamurra 

Wildlife Sanctuary (“Yookamurra”; Figure 1). Both sites are former pastoral leases that have been 

managed for the past two decades by the Australian Wildlife Conservancy (a not-for-profit 

organisation; “AWC”) for the purposes of wildlife conservation. Translocations of threatened 

mammals were conducted following the eradication of introduced predators from all 4561 ha of 

Faure and from an 1100 ha enclosure at Yookamurra. Between them, the sites now support self-

sustaining populations of five digging mammal species, two at Faure and four at Yookamurra (Table 

1). Extant digging species, including echidna (Tachyglossus aculeatus) at Yookamurra and goannas 

(Varanus spp.) at both sites, are present but, as we were interested specifically in the diggings of 

reintroduced mammals, we did not include the diggings of the extant species in our study.  
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Figure 1. Location of Faure and Yookamurra Wildlife Sanctuaries. Insets show the major habitat 
types (denoted by colour) and location of the study transects (triangles) at each property. Only the 
fenced enclosure at Yookamurra is shown. 
 

Table 1. Species of digging mammals translocated to Faure Island (F) and Yookamurra (Y) Wildlife 
Sanctuaries. 

Species Site 
Year 

translocated 
Density 

(individuals ha-1)1 

Bettongia lesueur (boodie) F 2001 3.3 
 Y 2007 0.21 
Perameles bougainville (Shark Bay 

bandicoot)2 

F 2005 Unknown 

Bettongia penicillata (woylie) Y 1991 0.09 
Macrotis lagotis (bilby) Y 1999 0.08 
Myrmecobius fasciatus (numbat) Y 1993 0.02 

1 Densities are for the year of the digging survey: 2019 at Faure and 2018 at Yookamurra (AWC, 
unpublished data).  

2 Formerly known as the western barred bandicoot, see (Travouillon and Phillips 2018). 

 

Faure and Yookamurra were selected as study sites because, as well as supporting well-established 

populations of multiple digging mammal species, non-native plant species of management concern 

are also present. At Faure, Cenchrus grasses (Cenchrus ciliaris and C. setiger; perennial, pasture 

grasses native to Africa and southern Asia; hereafter referred to as “Cenchrus spp.”) were introduced 

to the island as stock fodder and now dominate the ground layer across approximately 30% of the 
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island. Several non-native annual herbs, such as Tribulus terrestris, Brassica tournefortii and 

Sisymbrium orientale, are also widespread. At Yookamurra, Ward’s weed (Carrichtera annua; an 

annual herb native to Southern Europe and western Asia) is one of the main non-native species of 

management concern; at least 13 other non-native annual herbs and grasses are also present. Control 

of non-native plant species at Faure and Yookamurra is primarily focused around infrastructure and 

tracks and does not occur at our study sites. 

 

The vegetation of Faure is primarily acacia shrublands on relict eroded dunefields, with a sparse 

native understory that is dominated in parts by the introduced grasses. Low chenopod shrublands 

occur on birridas (the local name for usually dry, saline clay pans) and a coastal spinifex (Spinifex 

longifolius) community occurs on active, white sand dunes on the fringes of the island. Much of the 

island is characterised by red, earthy sands with shallow loams and kopi gypsum in the birridas 

(Ashton and McKenzie 2001). Faure has a highly variable rainfall, driven by cyclonic activity and 

winter storms, which averages 208 mm per year (range 73 – 406 mm, 2010 - 2019). Sheep and goats 

were run on Faure from the early 20th century until it was purchased by AWC and converted into a 

wildlife sanctuary in 2000 (AWC, unpublished information).   

 

The two dominant vegetation types at Yookamurra are old growth mallee woodlands, with a 

eucalyptus overstory and an understory dominated by Asteraceae spp. and chenopods, and 

myoporum shrublands, dominated by Myoporum platycarpum, Senna spp. and Geijera linearifolia, 

with an understory of Westringia rigida and chenopods. Soils are primarily brown sands and 

calcareous earths (Ashton and McKenzie 2001). Yookamurra has an annual rainfall of 270 mm 

(range 123 - 494 mm, 2010 - 2019) that falls mostly in winter (AWC, unpublished information). 

Sheep were grazed on Yookamurra for 60-70 years before the property was converted into a wildlife 

sanctuary by Earth Sanctuaries Ltd. in 1989. Management for conservation was continued when 

AWC acquired the property in 2002 (AWC, unpublished information). 

 

Field methods 

Field observations were carried out in August 2018 at Yookamurra and September 2019 at Faure. 

This timing was selected to coincide with the predicted period of peak germination at each site but 

both sites recorded well below average rainfall in the years the surveys were conducted. In order to 

locate diggings, randomly placed transects were established in the two dominant vegetation types at 

each site. Sample sizes varied such that there were ten transects in acacia shrublands and five on 

birridas at Faure, and seven transects in both mallee woodlands and shrublands at Yookamurra. The 

density of mammal diggings varied considerably between transects. To maintain consistent sample 

sizes between transects, we used the first thirty mammal diggings located within 1 m either side of 

the transect line for assessment of seedling abundance. Total transect lengths thus ranged between 

4.5 and 64 m. 
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Each digging was attributed to a species, where possible, and categorised as either fresh (no litter 

accumulated in the pit and spoil soil loose and friable) or old (litter accumulation present, spoil soil 

compacted). At Yookamurra, the diggings of woylies (Bettongia penicillata) and boodies (B. lesueur) 

could not be reliably separated so these were pooled and identified as “bettong”. Diggings of reptiles 

and echidna were excluded, as were diggings that could not be definitively identified as belonging to 

a reintroduced mammal. Diggings determined to belong to a reintroduced mammal but that were 

unable to be further identified were included and categorised as ‘unknown reintroduced mammal’. 

The total area covered by the pit and spoil pile was measured for each digging. A paired control plot 

with the same area as the digging was established approximately 50 cm away on undisturbed ground. 

As much as possible we matched the control location in relation to vegetation (e.g. under a large 

shrub or out in the open) to that of the paired digging. We counted the number of seedlings in each 

digging and control plot (or “microsites”) and identified them to species, where possible. Seedlings 

growing within the entire area disturbed by the digging (i.e. in both the pit and the spoil pile) were 

counted for the digging microsites. The height of the tallest seedling of each species in each plot was 

measured to the nearest 0.5 cm.  

 

Statistical analysis 

Only one fresh digging across both sites contained seedlings. Consequently, fresh diggings and their 

paired controls were excluded from further analyses. We used Chi-squared analyses in R statistical 

software (v. 3.6.2; R Core Team 2019) to test for differences in the proportion of digging and control 

plots that contained seedlings. We used Linear Mixed Effect models, from the lme4 package for R 

statistical software (Bates et al. 2015, R Core Team 2019), to assess differences in species richness, 

abundance and height of seedlings between the microsites. We modelled the abundance and height 

of native, non-native, annual and perennial species separately to look for differences in their 

response to diggings. The dominant species at each site, Cenchrus spp. at Faure and Ward’s weed at 

Yookamurra, were substantially more abundant than any other species (Supplementary Material 1, 

Table SM1.1) so we also repeated our analyses with these species removed.  

 

Species richness and abundance were modelled on a negative binomial distribution to account for 

the large number of zeros in the data. Seedling height was modelled on a Gaussian distribution and 

microsites with no seedlings were excluded. Our focus was on the effect of the microsite (digging or 

control), but we also included habitat type as a second explanatory variable and transect as a random 

factor in all models. Data from Faure and Yookamurra were modelled separately. Means and 

standard errors from the emmeans package for R statistical software (v. 1.4.3.01; Lenth 2019) were 

used for graphing purposes. All figures were created in ggplot2 (Wickham 2016). 
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Results 

General digging characteristics 

The total proportion of the transects covered by mammal diggings was higher at Yookamurra than 

at Faure (Table 2). There was little variation between habitats at either site, but sandier transects 

(i.e. those in the shrub habitat at Faure and the mallee habitat at Yookamurra) tended to have less 

area covered by diggings (Table 2). Most (80%) of the diggings were old and, consequently, they 

accounted for most of the area covered by diggings.  

 

At Faure, diggings from both digging mammals present on the island were recorded (boodies and 

Shark Bay bandicoots) but 20% of diggings could not be identified. Diggings of four of the digging 

mammal species present at Yookamurra were recorded; bettongs (woylies and boodie combined), 

bilbies and echidna. A quarter (24%) of diggings could not be identified.  

 

Table 2. The mean percentage (and range) of the transect area covered by diggings.  

Property Habitat All digs (%) 
Fresh digs 

(%) 
Old digs (%) 

Faure Shrub 2.0 (1.3 – 2.8) 0.4 (0 – 1.1) 1.6 (0.9 – 2.7) 
 Birrida 2.4 (0.5 – 5.5) 0.6 (0.2 – 1.3) 1.8 (0.3 – 4.5) 
Yookamurra Mallee 5.7 (1.8 – 8.1) 0.6 (0 – 2.1) 5.1 (1.6 – 8.1) 
 Shrub 7.4 (4.7 – 9.8) 0.4 (0 – 1.4) 7.0 (4.2 – 9.8) 

 

Seedling species richness and occurrence 

At Faure, we recorded 40 species of seedlings, four of which were non-native species (Supplementary 

Material 1, Table SM1.1). Thirteen species (five natives and eight of unknown origin) were found only 

in the diggings, but only three of these were recorded more than once. No species were recorded 

solely in the controls. Seventeen species were recorded in more than 1% of the plots. Two of these 

were non-native plant species, Cenchrus spp. (15% of plots) and Sisymbrium orientale (5% of plots). 

Cenchrus spp. was the most commonly recorded species in both microsite types. Twenty-four species 

were recorded more often in the diggings than the controls and eleven species were recorded more 

often in the controls than the diggings. Species richness did not differ significantly between the 

microsites (Supplementary Material 2, Table SM2.2).  

 

At Yookamurra we recorded 29 species of seedlings, of which five were non-native species 

(Supplementary Material 1, Table SM1.1).  Three species (all native) were found only in control plots 

and 17 species (13 natives, 4 non-native species) were found only in diggings. Fourteen (of twenty) 

of the species found in only one microsite type were only recorded once. Only seven species of 

seedlings, two non-native species and five natives, were recorded in more than 1% of the plots. The 

most common species, Ward’s weed, accounted for two-thirds of all seedlings and was recorded in 

35% of the plots. Diggings supported significantly more species than the controls (F = 2.82, 
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P = 0.005; Supplementary Material 2, Table SM2.3) and most species (23/29) were recorded more 

often in diggings. 

 

Seedling presence and abundance 

Overall, two-thirds of the plots had no seedlings. There was no significant difference in the 

proportion of digging or control plots with seedlings at Faure, but significantly more digging plots 

contained seedlings at Yookamurra (48% vs 29%, χ2 = 27.6, P < 0.001; Supplementary Material 2, 

Table SM2.1). The abundance of seedlings per plot did not differ between the microsites at Faure 

but, at Yookamurra the diggings had 1.9 times more seedlings than control plots (F1,780 = 3.17, 

P = 0.001; Supplementary Material 2, Tables SM2.2, 2.3; Figure 2). Digging plots supported 1.7-2 

times as many non-native seedlings than control plots at both sites (Faure F1,721 = 2.44, P = 0.015; 

Yookamurra F1,780 = 2.83, P = 0.005; Supplementary Material 2, Tables SM2.2, 2.3; Figure 3). In 

contrast, the abundance of native seedlings per plot did not differ between the microsites at either 

site (Figure 3). When Cenchrus spp., the dominant seedling species, was removed from the analyses 

of the Faure data the significant difference in non-native seedling abundance disappeared 

(Supplementary Material 2, Tables SM2.2). In the mallee habitat at Yookamurra, there were only 

eight plots that contained seedlings other than the dominant species, Ward’s weed, but in the shrub 

habitat, total and non-native seedling abundance remained significantly greater in the diggings 

compared to the controls even when Ward’s weed was removed from the analyses (Supplementary 

Material 2, Table SM2.3).  

 

 

Figure 2. The mean (+ SE) number of seedlings found in digging and control plots at a) Faure and 
b) Yookamurra. Different letters above the bars indicate a significant difference at P < 0.05 within 
each panel.  
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Figure 3. The mean (+ SE) number of native and non-native species of seedlings found in digging 
and control plots at a) Faure and b) Yookamurra. Different letters above the bars indicate a 
significant difference at P < 0.05 within each panel. 
 

At both sites, a similar number of annual and perennial species were recorded: 14 annual and 16 

perennial species at Faure (with a further 10 of unknown life form) and, 13 annual and 14 perennial 

species at Yookamurra (with two species of unknown life form). At Faure, there was no significant 

difference in the abundance of annual seedlings per plot between microsites, but the mean number 

of perennial seedlings in the digging plots was significantly higher than the control plots (1.2 vs 0.6, 

F1,721 = 2.82, P = 0.005; Supplementary Material 2, Table SM2.2; Figure 4). This pattern remained 

even when Cenchrus spp. was removed from the analysis (0.45 vs 0.25, F1,721 = 2.13, P = 0.03; 

Supplementary Material 2, Table SM2.2). At Yookamurra the mean number of annual seedlings in 

the digging plots was nearly twice that of the control plots (1.9 vs 1.0, F1,780 = 2.60, P = 0.009; 

Supplementary Material 2, Table SM2.3) but there was a marginally non-significant difference in the 

abundance of perennial seedlings per plot between the microsites (0.12 vs 0.10, F1,780 = 1.87, P = 

0.06; Supplementary Material 2, Table SM2.3; Figure 4). Again, this pattern remained when the 

dominant species, Ward’s weed, was removed from the analyses (Supplementary Material 2, Table 

SM2.3).  
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Figure 4. The mean (+ SE) number of annual and perennial seedlings found in digging and control 
plots at a) Faure and b) Yookamurra. Different letters above the bars indicate a significant difference 
at P < 0.05 within each panel. 
 

Seedling height 

Seedlings growing in the digging plots were significantly shorter, mean 0.9 cm, than those growing 

in the control plots, 1.6 cm, in the shrub habitat at Faure (F1, 257 = 3.61, P = 0.002) but the heights of 

seedlings growing in the birridas at Faure and in both habitats at Yookamurra did not differ between 

microsites (Supplementary Material 2, Table SM2.4; Figure 5). Microsite had no significant effect on 

the height of either native or non-native seedlings when these plant types were analysed separately 

(Supplementary Material 2, Table SM2.4).  
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Figure 5. The mean (+ SE) height of seedlings found in digging and control plots at a) Faure and b) 
Yookamurra. Different letters above the bars indicate a significant difference at P < 0.05 within each 
panel. 
 

Discussion 

The diggings of two communities of reintroduced mammals supported a greater abundance and 

more species of seedlings than undisturbed ground. These associations were greater at Yookamurra, 

suggesting that environmental conditions, e.g. soil type or weather, or digging mammal species 

mediate the response of seedlings to diggings. As predicted, native and non-native plant species 

responded differently to the presence of diggings, though this response was largely driven by the 

dominant species at each site. This was consistent between Faure and Yookamurra despite 

differences in the plant species present at each property.   
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Seedling presence 

We observed a clear association between digging age and seedling presence. Only one fresh digging 

contained seedlings, but seedlings were common in older diggings and, at Yookamurra, seedlings 

were present in significantly more old diggings than control plots. We hypothesise that this was 

because, for fresh diggings, insufficient time had passed for seeds to accumulate and/or for any seeds 

present to germinate. This pattern does not appear to have been reported for diggings previously as 

most studies select diggings irrespective of age (e.g. Bragg et al. 2005, James et al. 2009). However, 

Haussmann et al. (2018) found the age of aardvark (Orycteropus afer) burrows had no effect on 

seedling abundance or species richness.  

 

By affecting the decay rate of a digging, abiotic factors such as soil type and wind erosion almost 

certainly influence the likelihood of a digging supporting seedlings (James et al. 2011). The longer 

diggings persist prior to filling in with sediment, the more likely they are to provide appropriate 

conditions for germination through the accumulation of litter, seeds, and moisture. This may help to 

explain the differences we recorded between Faure and Yookamurra. Faure is characterised by highly 

mobile sands and frequent, strong winds which likely leads to many diggings filling with sediment 

before they can accumulate leaf litter and seeds. Any seedlings germinating in diggings may be buried 

by rapidly accumulating sands. The lack of significant differences in seedling abundance and species 

richness, and the trend towards smaller seedlings growing in diggings, could be attributable to the 

rapid decay of diggings at Faure. In contrast, at Yookamurra, more stable soils covered by a well-

developed cryptogamic crust allow diggings to persist long enough for seeds to accumulate and 

germinate.  

 

To some extent the stronger associations we observed at Yookamurra may have been due to the 

timing of our surveys. At Yookamurra, our survey coincided with a period of peak seedling 

emergence. This was easier to predict at Yookamurra where rainfall patterns are more regular and 

where most rain occurs just prior to warmer spring temperatures. At Faure, although rain falls 

primarily in winter, it can be highly irregular and the peak growing season is, consequently, difficult 

to predict. Conducting repeat surveys across several seasons would provide an improved 

understanding of seedling dynamics, especially in unpredictable and variable arid systems like 

Faure.  

 

Seedling abundance and species richness 

We found that diggings supported significantly more non-native seedlings than control plots but that 

the abundance of native seedlings did not differ between the microsites. The most abundant species 

at each site – Cenchrus spp. at Faure and Ward’s weed at Yookamurra – were non-native and largely 

drove this pattern. When they were removed from the analysis, diggings supported significantly 

more non-native seedlings only in the shrub habitat at Yookamurra, where other non-native species 
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were common. Significantly higher abundances of annual and perennial seedlings at Yookamurra 

and Faure, respectively, also mirrored that of the annual Ward’s weed and perennial Cenchrus spp.. 

However, this pattern remained when the two dominant species were removed from the analysis. 

This suggests that differences between the sites, or the plant species present, influence which type of 

plant may benefit from diggings.  

 

Our study shows that non-native plant species, like Ward’s weed and Cenchrus spp., benefit from 

the conditions created by digging mammals, at least in early stages of plant development. This is 

consistent with previous studies which have reported higher abundances of non-native plant species 

on the burrows of wedge-tailed shearwaters (Puffinus pacificus; Bancroft et al. 2005), giant 

kangaroo rats (Dipodomys ingens; Prugh and Brashares 2012) and cururos (Spalacopus cyanus; 

Torres-Díaz et al. 2011). Eastern bettong (Bettongia gaimardi) diggings also supported an increased 

abundance of non-native seedlings, though the effect was somewhat mediated by environmental 

conditions (Ross et al. 2020). However, Eldridge and Whitford (2009) found that usually dominant 

non-native plant species were less abundant on badger (Taxidea taxus) burrows.  

 

The specific conditions found in diggings – i.e. increased nutrients and moisture, buffered 

temperatures and protection from predation (Alkon 1999, Radnan and Eldridge 2017, Davies et al. 

2019) – may be more important for certain non-native species. Colonisation of Cenchrus spp., for 

example, is dependent on sufficient moisture and nutrients (Marshall et al. 2012), which diggings 

may provide. Similarly, Ward’s weed requires sufficient water during the key germination period 

(Cooke et al. 2012). Small depressions, like diggings, likely accumulate enough moisture for Ward’s 

weed to germinate and grow even in poor seasons (Facelli and Chesson 2008). Many non-native, 

invasive plant species are adapted to disturbance (Liebman et al. 2001) and this may be why they 

responded more strongly to diggings than native species. For example, establishment of Cenchrus 

ciliaris is dependent on disturbance and has previously been associated with the burrows of northern 

hairy-nosed wombats (Lasiorhinus kreftii) and rabbits (Oryctolagus cuniculus; Marshall et al. 

2012). Managers planning to reintroduce digging mammals should, therefore, consider controlling 

non-native plants of concern prior to their release and/or incorporate the interaction between 

digging mammals and non-native plants into their management and control plans for non-native 

species of concern.   

 

In contrast to the results of many studies (e.g. Bragg et al. 2005, James et al. 2011, Ross et al. 2020), 

we found that the abundance of native seedlings did not differ between microsites. More native 

species were found solely in the diggings at both sites, however, suggesting that diggings do provide 

some benefits to native species and may help to maintain landscape-scale plant diversity. In addition 

to the creation of diggings, the reintroduced mammals in our study may interact with vegetation in 

other ways. Trophic interactions, for example, can alter the effects of ecosystem engineering (Jones 

et al. 2010). Verdon et al. (2016) showed that herbivory by reintroduced mammals counteracted the 
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positive effects of their digging on seedling abundance. At our study sites, digging mammals may 

increase the availability of suitable germination sites but trophic interactions may be negating any 

increases in seedling abundance. Further studies incorporating mammal exclusions around diggings 

would help to disentangle engineering and trophic effects. 

 

While our study design did not allow us to determine whether the diggings were the cause of the 

increased seedling abundances or if digging presence and greater seedling abundance were 

correlated to some other factor, we consider the latter unlikely for two primary reasons.  Firstly, we 

only counted seedlings that we determined to have germinated after the digging in each pair had 

been created, which controlled for any differences in seedling abundance prior to the construction 

of the digging. Secondly, we placed the control plots just 50 cm from their paired diggings and 

matched their locations with respect to position near shrubs, logs or other features, making it 

unlikely that the paired digging and control plots would have experienced significantly different 

environmental conditions or seed rain. Additionally, seed addition experiments have previously 

shown that greater numbers of seedlings germinate in both natural and artificial mammal diggings 

(Maron et al. 2012, Valentine et al. 2017, Ross et al. 2020). 

 

Caching behaviour 

Most seedlings growing in diggings are likely derived from wind or water-born seed (Chambers and 

MacMahon 1994), but some mammals also cache seeds where they may be forgotten and 

subsequently germinate (Murphy et al. 2005, Chapman 2015). We observed three caches containing 

Acacia ramulosa seeds or seedlings created by boodies at Faure. The caches were all more than 

100 m from the nearest parent plant and contained the only A. ramulosa seedlings we recorded. The 

caching behaviour of Australian mammals is not well known, likely because the dramatic decline of 

many of these species has limited research into their ecology and behaviour. The former impact of 

caching by Australian mammals, in combination with their creation of foraging diggings, may have 

once been a significant driver of shrub distribution and abundance over much of the Australian 

continent (Gordon and Letnic 2016). 

 

Digging characteristics 

Our estimates of the area covered by mammal diggings, 2-6%, are within the range recorded for other 

communities of Australian digging mammals (James and Eldridge 2007, Davies et al. 2019). We 

found the area covered by diggings was lower at Faure than Yookamurra, despite Faure supporting 

a higher density of digging mammals (Table 2). While the availability of underground food resources 

and the reliance on them by the species present at each site may vary, we believe differences in 

digging persistence rates are likely to contribute substantially to the variation in the area covered by 

diggings at our sites. Some studies use digging rate to assess the impacts of digging mammals (James 

and Eldridge 2007, Munro et al. 2019, Halstead et al. 2020) but we also accounted for digging 
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persistence by including both fresh and old diggings. Diggings accumulate and change through time, 

and so assessing digging rate, without accounting for digging persistence, will likely underestimate 

their total effects on soils and plant communities.  

 

Future research 

Our research assessed the association between diggings and seedling abundance under field 

conditions at one time point. This gave an accurate description of the realised seedling abundance at 

that time but meant we may have missed recording seedlings that germinate earlier or later in the 

season or under different environment conditions. Dual laboratory and field trials, or longitudinal 

field studies, could provide information on both the potential and realised germination rates and 

seedling abundance at a specific location. Our sites were not true replicates because they have 

different climates, habitats and assemblages of digging mammals. However, by including two sites, 

our results, which differed between the sites, show that seedling responses to reintroduced mammal 

diggings are context specific. We suggest, therefore, that translocation practitioners monitor the 

effects of their reintroduction on seedling abundance, rather than assuming they will follow 

previously observed patterns. Pre-translocation vegetation surveys of the release site may also help 

to inform the risk of reintroduced digging mammals facilitating the spread of non-native plant 

species. 

 

Conclusions 

The diggings in our study supported a significantly higher abundance of non-native seedlings 

compared to undisturbed ground, highlighting the importance of considering novel interactions 

when planning mammal reintroduction programs. There are many examples of positive ecosystem 

outcomes following the reintroduction of ecosystem engineers: for example, beavers (Castor fiber) 

introduced to Scotland increased plant species richness in drained pastures (Law et al. 2017). 

However, native species also have the potential to facilitate ecosystem degradation such as banner-

tail kangaroo rats (Dipodomys spectabilis) increasing shrubification of grasslands (Duval et al. 

2005). Reintroductions have been of critical importance to the conservation of many threatened 

mammals. In the case of the reintroductions included our study, these conservation gains likely 

outweigh the detrimental effects of facilitating the spread of already common non-native species. 

However, by considering potential interactions with novel ecosystem elements during translocation 

planning, conservation practitioners may be able to predict, and take steps to mitigate, any 

undesirable outcomes of reintroductions.  
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Supplementary Material 1 

A list of plant species recorded in mammal diggings and paired control plots at two sites.  

 

Table SM1.1. A list of seedling species recorded in mammal diggings and paired undisturbed 
control plots at two sites.  
 Number of plots with seedlings 

Species Diggings Controls Total 

Faure    
Cenchrus spp.* 67 45 112 
Sp. 13 - daisy 27 45 72 
Tetragonia diptera 31 28 59 
Sisymbrium orientale* 19 14 33 
Eriachne pulchella 11 10 21 
Rhodanthe humboltiana 9 12 21 
Pogonolepis muelleriana 7 8 15 
Calocephalus francisii 4 11 15 
Aristida contorta 4 7 11 
Sp. 9 - daisy 4 7 11 
Actinobole condensatum 5 5 10 
Ptilotus polystachyus 5 5 10 
Sp. 12 1 9 10 
Menkea australis 5 4 9 
Sp. 7 3 6 9 
Bromus arenarius 5 3 8 
Angianthus microcephalus 1 7 8 
Atriplex vesicara 4 2 6 
Maireana carnosa 3 2 5 
Sp. 6 - daisy 3 2 5 
Acacia ramulosa 3 0 3 
Sclerolaena eurotioides 3 0 3 
Abutilon oxycarpum 2 1 3 
Brassica tournefortii* 2 1 3 
Eragrostis deilsii 1 2 3 
Sp. 14 - chenopod 1 2 3 
Maireana appressa 2 0 2 
Enchylaena tomentosa 1 1 2 
Maireana tomentosa 1 1 2 
Tribulus terrestris* 1 1 2 
Indigofera boviperda 1 0 1 
Solanum sp. 1 0 1 
Sp. 1 - grass 1 0 1 
Sp. 2 - grass 1 0 1 
Sp. 3 - daisy 1 0 1 
Sp. 4 1 0 1 
Sp. 5 1 0 1 
Sp. 8 1 0 1 
Sp. 10 1 0 1 
Sp. 11 1 0 1 
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Table SM1.1 continued 

 Number of plots with seedlings 

Species Diggings Controls Total 

Yookamurra    

Carrichtera annua* 152 104 256 
Hyalosperma semisterile  12 9 21 
Asteridea athrixioides 11 10 21 
Rytidosperma sp. 7 8 15 
Medicago minima* 11 0 11 
Goodenia pinnatifida 9 2 11 
Austrostipa sp. 6 4 10 
Podolepis tepperi 2 3 5 
Sclerolaena diacantha 4 0 4 
Brachyscomes linearilova 3 1 4 
Erodium cicutarium* 3 0 3 
Silene apetala* 3 0 3 
Eriochiton sclerolaenoides 1 2 3 
Maireana trichoptera 2 0 2 
Senna artemesioides filifolia x petiolaris 2 0 2 
Daucus glochidiatus 1 0 1 
Dodonaea viscosa subsp. angustissima 1 0 1 
Erodium crinitum 1 0 1 
Goodenia pusilliflora 1 0 1 
Senna artemesioides coriacea 1 0 1 
Sisymbrium erysimoides* 1 0 1 
Zygophyllum apiculatum 1 0 1 
Zygophyllum auranticum 1 0 1 
Sp. 1 1 0 1 
Sp. 2 1 0 1 
Sp. 3 - chenopod 1 0 1 
Atriplex stipitata 0 1 1 
Crassula colligata 0 1 1 
Pimelea micrantha 0 1 1 

* non-native species 
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Supplementary Material 2 

Test statistic tables.   

 

Table SM2.1. Chi-square tables for seedling presence/absence in reintroduced mammal diggings and control plots at a) Faure and b) Yookamurra. 
Statistically significant values at p < 0.05 are shown in bold. 
a) Seedlings present Seedlings absent b) Seedlings present Seedlings absent 
Digging 154 208 Digging 176 187 
Control 139 223 Control 106 257 
 χ2 = 1.02, p = 0.29  χ2 = 27.6, p <0.001 

 

 

Table SM2.2. Test statistics (degrees of freedom, Z statistic and p-value) for mixed models for Faure, testing a) the effects of microsite (digging or 
control), habitat and their interaction on seedling species richness, presence and abundance in reintroduced mammal diggings; and b) the same effects 
for total, non-native and perennial species abundance with the dominant species, Cenchrus spp., removed. Statistically significant values at p < 0.05 
are shown in bold.  

 df Z p Z p Z p Z p Z p Z p 
  Species 

richness 
Total 
abundance 

Native 
abundance 

Non-native 
abundance 

Annual 
abundance 

Perennial 
abundance 

a) All species             
Microsite 1, 721 0.57 0.57 0.64 0.52 0.88 0.38 2.44 0.02 -0.08 0.94 2.82 0.005 
Habitat 1, 720 -1.24 0.22 -0.76 0.45 -2.29 0.02 0.82 0.41 -0.24 0.81 0.72 0.47 
Microsite*habitat 1, 719 -0.18 0.86 -0.57 0.57 -0.10 0.92 -1.25 0.21 -0.98 0.33 -1.15 0.25 

b) Dominant species removed 
Microsite 1, 721   -0.36 0.72   0.0 0.99   2.13 0.03 
Habitat 1, 720   -0.71 0.48   2.04 0.04   1.30 0.19 
Microsite*habitat 1, 719   -0.12 0.91   -0.02 0.99   -1.56 0.12 
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Table SM2.3. Test statistics (degrees of freedom, Z statistic and p-value) for mixed models for Yookamurra, testing a) the effects of microsite 
(reintroduced mammal digging or control), habitat and their interaction on seedling species richness, presence and abundance; and b) the same effects 
for total, non-native and annual species abundance with the dominant species, Carrichtera annua, removed. Carrichtera annua was the only non-
native species in the mallee habitat, so the model for non-native species with that species removed tested only the microsite effect. Statistically significant 
values at p < 0.05 are shown in bold.  

 df Z p Z p Z p Z p Z p Z p 
  Species 

richness 
Total 
abundance 

Native 
abundance 

Non-native 
abundance 

Annual 
abundance 

Perennial 
abundance 

a) All species             
Microsite 1, 780 2.82 0.005 3.17 0.002 0.66 0.51 2.83 0.005 2.60 0.009 1.87 0.06 
Habitat 1, 779 4.52 <0.001 3.66 <0.001 3.24 0.001 3.20 0.001 3.23 0.001 1.99 0.05 
Microsite*habitat 1, 778 -0.55 0.58 -0.32 0.75 -0.13 0.89 -0.24 0.81 -0.09 0.93 -1.34 0.18 

b) Dominant species removed            
Microsite 1, 780   0.65 0.52   2.63 0.008 -4986.3 <0.001   
Habitat 1, 779   3.26 0.001   na na 934.5 <0.001   
Microsite*habitat 1, 778   0.33 0.74   na na 5193.4 <0.001   

 

 

Table SM2.4. Test statistics (degrees of freedom, t statistic and p-value) for mixed models for a) Faure and b) Yookamurra, testing the effects of 
microsite (reintroduced mammal digging or control) and habitat on the height of all, native and non-native seedlings. Statistically significant values at 
p < 0.05 are shown in bold. 

 df t p df t p df t p 
 All seedlings Native seedings Non-native seedlings 

a) Faure         
Shrub 1, 257 3.61 0.002 1, 139 1.37 0.52 1, 127 1.18 0.64 
Birrida 1, 258 1.85 0.26 1, 144 0.03 1.00 1, 118 1.92 0.23 

b) Yookamurra 
Shrub 1, 276 -0.72 0.89 1, 243 -0.27 0.99 1, 70 1.09 0.70 
Mallee 1, 272 1.14 0.67 1, 246 1.51 0.43 1, 78 -0.66 0.91 
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Chapter 4 

The construction of shelter in the form of burrows and warrens is the largest scale at which digging 

mammals directly alter their ecosystems. This Chapter focuses on how boodie warrens affect soil 

properties and vegetation communities. Just as the interaction with novel ecosystem elements was 

a focus of Chapter 3, in this Chapter it was again incorporated into the study design so that both 

benefits and risks of reintroducing boodies could be assessed.  

 

This Chapter was published in Ecology and Evolution in March 2021 and has been reformatted for 

inclusion in this thesis. The front page of the published manuscript is provided in Appendix 2. 

 

 

 

Walking across a boodie warren at Matuwa. 

Photo credit: Bryony Palmer  

 



Chapter S 

89 

Burrowing by translocated boodie (Bettongia lesueur) 

populations alters soils but has limited effects on 

vegetation 

Bryony J. Palmer, Leonie E. Valentine, Cheryl A. Lohr, Gergana N. Daskalova, Richard J. Hobbs 

 

Abstract 

Digging and burrowing mammals modify soil resources, creating shelter for other animals and 

influencing vegetation and soil biota. The use of conservation translocations to reinstate the 

ecosystem functions of digging and burrowing mammals is becoming more common. However, in 

an increasingly altered world, the roles of translocated populations, and their importance for other 

species, may be different. Boodies (Bettongia lesueur), a commonly translocated species in Australia, 

construct extensive warrens, but how their warrens affect soil properties and vegetation 

communities is unknown. We investigated soil properties, vegetation communities, and novel 

ecosystem elements (specifically non-native flora and fauna) on boodie warrens at three 

translocation sites widely distributed across the species’ former range. We found that soil moisture 

and most soil nutrients were higher, and soil compaction was lower, on warrens in all sites and 

habitat types. In contrast, there were few substantial changes to vegetation species richness, cover, 

composition, or productivity. In one habitat type, the cover of shrubs less than 1 m tall was greater 

on warrens than control plots. At the two sites where non-native plants were present, their cover was 

greater, and they were more commonly found on boodie warrens compared to control plots. 

Fourteen species of native mammals and reptiles were recorded using the warrens, but, where they 

occurred, the scat of the non-native rabbit (Oryctolagus cuniculus) was also more abundant on the 

warrens. Together, our results suggest that translocated boodie populations may be benefiting both 

native and non-native flora and fauna. Translocated boodies, through the construction of their 

warrens, substantially alter the sites where they are released, but this does not always reflect their 

historic ecosystem roles. 

 

Introduction 

As ecosystem engineers (sensu Jones et al. 1994), digging mammals influence geomorphological 

processes (Butler 1995) and soil resources, creating shelter for other animals (e.g. Whittington-Jones 

et al. 2011, Dawson et al. 2019) and affecting vegetation and soil biota (Davidson et al. 2012, Fleming 

et al. 2014). However, due to complex interactions between the digging species, habitat and soil 
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characteristics, and the extent and longevity of the burrows or warrens, the effects of digging 

mammals on soil and vegetation properties vary (Mallen-Cooper et al. 2019). For example, 

vegetation cover, biomass, and species richness are higher on the burrows and warrens of some 

species, for example, pocket gophers Thomomys talpoides (Grant et al. 1980), pikas Ochotona 

pallasi (Wesche et al. 2007), and Artic ground squirrels Urocitellus parryii (Wheeler and Hik 2013), 

but lower on those of others such as black-tailed prairie dogs Cynomys ludovicianus (Davidson and 

Lightfoot 2006) and Daurian pikas Ochotona daurica (Komonen et al. 2003). How the magnitude 

and direction of the effects of digging mammals on soil resources and vegetation might be altered as 

environmental conditions change is largely unknown. Burrows could increase in importance as 

thermal refuges from climate change for other animals (Pike and Mitchell 2013), and diggings may 

help rehabilitate degraded areas (Andersen and Macmahon 1985, Munro et al. 2019). Conversely, 

digging mammals may accelerate ecosystem change by facilitating the spread or growth of non-

native plants (Larson 2003, Torres-Díaz et al. 2011). To effectively manage terrestrial ecosystems, 

we need to understand what roles digging mammals play in specific locations, and how they interact 

with novel (i.e. not previously occurring in that ecosystem) elements and conditions. 

 

In an increasingly altered world, translocations are used to improve the conservation status of 

threatened species and to return species to areas from which they had become extirpated (IUCN/SSC 

2013, Seddon et al. 2014). Translocations are also more frequently being used to restore ecosystems 

by reinstating ecosystem processes regulated by lost species (Chapter 2 (Palmer et al. 2020)). 

Ecosystem engineers, such as digging and burrowing mammals, may be particularly useful for this 

kind of translocation because of their ability to fundamentally restructure ecosystems (Seddon 

2010). However, predicting the effects of translocating an ecosystem engineer will require a thorough 

understanding of the species’ historical roles in regulating key processes, such as nutrient cycling 

and plant recruitment, and insight into how these may be altered by the presence of novel ecosystem 

elements. Since the majority of terrestrial habitats have been, or will be, altered by human activity 

(Ellis et al. 2010), understanding interactions between ecosystem engineers and novel ecosystem 

elements is particularly relevant within a translocation context. 

 

Boodies (Bettongia lesueur) are medium-sized (~1 kg), Australian marsupials that forage for 

underground food resources, creating numerous, shallow digs in the process (Burbidge et al. 2008, 

Newell 2008). Uniquely among macropods, boodies also construct complex warren systems (Sander 

et al. 1997). Boodies once occurred across most of Australia's semi-arid and arid zones but natural 

populations are now restricted to three Western Australian islands (Burbidge et al. 2014). Predation 

by the introduced red fox (Vulpes vulpes) and feral cat (Felis catus), human persecution and habitat 

degradation are major factors in their decline, which occurred following European occupation of 

Australia, with the last boodies recorded on the mainland in the 1960s (Burbidge et al. 2014). To 

redress their decline, boodies have been translocated to a number of additional islands and fenced, 

mainland reserves. Conservation concerns continue to drive translocation actions for boodies, but 
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most future translocations are also aiming to restore the species’ historic ecosystem functions 

(Chapter 2 (Palmer et al. 2020)). However, our understanding of their roles within ecosystems is 

largely based on the effects of their foraging diggings. Information on the impacts of their warrens 

on soils and vegetation is limited to a pilot study (Chapman 2015) and an investigation of long-

abandoned “relict” warrens (Noble et al. 2007). Boodie foraging diggings typically cover less than 

half a square meter and may persist for several months or, sometimes, years (B. Palmer pers. obs.) 

while boodie warrens can be more than 90 m in diameter and can persist for decades after 

abandonment (Burbidge et al. 2007). Because diggings and warrens occur over different temporal 

and spatial scales, more detailed information about the impacts of their warrens is required to 

complete our knowledge of boodies’ ecosystem functions. 

 

To inform future translocations and to clarify if, and how, translocated boodies direct ecosystem 

change, we need to quantify how boodie warrens affect ecosystems, and how they interact with novel 

ecosystem elements. In this study we address four primary questions designed to elucidate the 

importance of boodie warrens in ecosystems: (a) How does the construction of boodie warrens alter 

soil properties and ground cover?, (b) How does the construction of boodie warrens alter vegetation 

communities and plant productivity?, (c) How do novel ecosystem elements, specifically non-native 

plants and animals, interact with boodie warrens?, and (d) How do the structural characteristics of 

boodie warrens vary with habitat, and how does this influence their effects on soils and vegetation 

communities? To answer these questions, we identified boodie warrens at three sites, and measured 

soil properties, ground cover, and vegetation species richness, cover, composition and productivity.  

We also recorded evidence of other vertebrates using the warrens, and quantified warren density, 

size and activity levels. 

 

Methods 

Study sites 

Research was conducted at three sites, one in eastern South Australia and two in Western Australia, 

supporting translocated boodie populations: Yookamurra Wildlife Sanctuary (hereafter 

“Yookamurra”), Matuwa-Kurarra Kurarra Indigenous Protected Area (“Matuwa”) and Faure Island 

Wildlife Sanctuary (“Faure”; Figure 1). The sites are all former pastoral leases currently managed for 

conservation and/or cultural purposes but have different climates, habitat types and boodie 

translocation histories (Table 1). The boodie populations at both Matuwa and Yookamurra inhabit 

1,100 ha fenced reserves from which all mammalian predators have been removed; Faure is a 

4,500 ha island which is also free from mammalian predators. Boodies formerly inhabited Matuwa 

and Yookamurra, and at Matuwa relict boodie warrens can still be observed throughout areas with 

calcareous soils. There is no evidence for the former presence of boodies on Faure, but they were 

present on the adjacent mainland at the time of European occupation. 
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Figure 1. Our study included three boodie translocation sites spanning a range of environmental 
conditions and translocation histories. Inset maps show the major habitat types (Faure: green – 
acacia, blue – all other habitats; Yookamurra: green – mallee, blue – myoporum; Matuwa: green – 
spinifex, blue – shrub) and location of the studied boodie warrens (black circles) at each site. Inset 
photographs (credit: B. Palmer) show examples of the acacia habitat at Faure, the myoporum habitat 
at Yookamurra, and the spinifex habitat at Matuwa. Only the fenced enclosures at Matuwa and 
Yookamurra are shown. 
 

Warren identification 

We walked transects to locate warrens constructed by the translocated boodie populations in August 

2018 (Yookamurra), and in March (Matuwa) and September (Faure) 2019. An even number of 

transects, running at right angles from vehicle access tracks, were randomly located in the dominant 

vegetation types at each property: mallee woodlands on sandy soils (“mallee”) and myoporum 

shrublands on calcareous soils (“myoporum”) at Yookamurra, spinifex grasslands on red sands 

(“spinifex”) and acacia shrublands on calcareous soils (“shrub”) at Matuwa, and acacia shrublands 

on red sands (“acacia”) at Faure. In total, approximately 20%, 30% and 1% of the areas inhabited by 

boodies were searched at Yookamurra, Matuwa and Faure respectively. Boodie warrens found along 

the transects were differentiated from the burrows (i.e. single entrance holes) or warrens (i.e. 

networks of interconnected burrows) of other co-occurring burrowing species using a combination 

of warren/burrow morphology and animal tracks and scats. Boodie warren locations were marked 

on a GPS. 
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Table 1. Study site characteristics. 
 Yookamurra Matuwa Faure Island 

Sanctuary 
attributes 

Location −34.519, 139.458 −26.199, 121.360 −25.853, 113.891 

 Property size 5,108 ha 244 000 ha 4,561 ha 

 Year conservation 
management 
commenced 

1989 2000 2000 

Climate Mean annual rainfall 270 mm 262 mm 208 mm 

 Mean winter minimum 4.7°C 5.4°C 10.5°C 

 Mean summer 
maximum 

30.2°C 38°C 34.8°C 

Vegetation and 
soils 

Vegetation structure Mallee woodlands, 
Myoporum shrublands 

Spinifex grassland, 
Acacia shrubland 

Acacia shrubland 

 Main overstory species Eucalyptus Eucalyptus, Acacia Acacia 

 Soil type Calcarosol Calcarosol/tenosol Tenesol 

Boodie attributes Area inhabited 1,100 ha 1,100 ha 4,561 ha 

 Year of first successful 
release 

2007 2010 2001 

 Population density 
(2018–9) 

0.21 ha−1 0.27 ha−1 3.3 ha−1 

Other burrowing 
species present 

 Macrotis lagotis, 
Varanus spp. 

Macrotis lagotis, 
Varanus spp., 
Oryctolagus 
cuniculus 

Varanus gouldii 

Note: Data sources: Sanctuary attributes, vegetation, boodie attributes, other burrowing species – 
Australian Wildlife Conservancy (Yookamurra and Faure) and the Western Australian Department 
of Biodiversity, Conservation and Attractions (Matuwa) unpublished data; Climate – Bureau of 
Meteorology (2019), except Yookamurra rainfall – AWC unpublished data; Soil type – Ashton and 
McKenzie (2001). 
 
We measured the diameter of each identified boodie warren along, and at right angles to, its longest 

axis. We also counted the number of active and inactive entrances on each warren. Active entrances 

showed evidence of recent use including freshly disturbed soil, tracks or fresh scats. Inactive 

entrances had no fresh animal sign, had debris blocking the entrance, or were partially or completely 

collapsed. Warrens selected for further study had at least three active burrow entrances, were 

undisturbed by human interference, were greater than 200 m away from another selected warren 

and were evenly distributed among the dominant vegetation types at each site. This resulted in 

slightly different sample sizes for each site: Faure n = 15, Yookamurra n = 20, Matuwa n = 17. We 

established a paired control plot, of the same dimensions as the warren, 50–100 m from each warren 

in the same habitat type. 

 

Soil assessments 

Soil assessments, that is, moisture and compaction measurements and sampling to assess nutrient 

content, pH, and conductivity, were conducted in August 2018 at Yookamurra, March 2019 at 

Matuwa, and September 2019 at Faure. On warrens, soils were assessed at three microsites: burrow 

entrances, spoil piles and the intervening matrix (Figure 2b). Burrow entrances (hereafter 

“entrances”) are the holes through which the boodies enter and exit the warren. Spoil piles (“spoils”) 

are the mounds of soil that accumulate through the excavation of burrows. The intervening matrix 
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(“matrix”) is the relatively undisturbed area of ground interspersed between burrow entrances and 

spoil piles within the warren boundaries. We assessed three replicates for each microsite type at each 

warren and selected only active entrances and spoils. Three random locations were selected for 

assessment within each control plot (“controls”) by blindly tossing a small pebble from the centre of 

the plot.  

 

We measured soil moisture (%) to a depth of 10 cm using a Hydrosense II soil moisture reader. We 

measured soil compaction (kg/cm2) using a Geotester pocket penetrometer; we averaged the results 

of ten compaction readings from each microsite replicate to get the final compaction reading for that 

replicate, as per the manufacturer's recommendations. We collected a soil sample, from a depth of 

10 cm, from each warren microsite and control replicate. Replicates from each microsite or control 

were then pooled for analysis. The CSBP Soil and Plant Laboratory conducted standard tests for total 

carbon (%), nitrate nitrogen (mg kg-1), ammonium nitrogen (mg kg-1), phosphorus (mg kg-1), 

potassium (mg kg-1), sulphur (mg kg-1), electrical conductivity (dS m-1) and pH (CSBP Lab 2019). 

 

Vegetation and ground cover sampling 

Vegetation data were collected at Yookamurra in August 2018, at Matuwa in March 2019 and Faure 

in September 2019. These sampling periods fall within the usual growing season at each site. All 

three sites received less than average rainfall in the two years prior to the surveys (Bureau of 

Meteorology 2019). At each warren, two perpendicular transects were established, with one transect 

running along the longest axis of the warren. The transects were centred on the warren mid-point 

and extended beyond the edge of the warren by three meters for every one meter on the warren to 

encompass the effects of underground burrows that extended beyond the visible surface disturbance. 

Transects of the same length and compass orientation were established at each paired control plot.  

 

The same observer assessed vegetation and ground cover in 50 cm2 quadrats, placed at intervals 

along each transect, at all locations. Because warrens varied in size, quadrat spacing was adjusted so 

that between 10 and 25 quadrats were sampled per warren. A greater number of quadrats were 

sampled on larger warrens. The number and spacing of quadrats for control plots were matched to 

their paired warren. The area of ground disturbed by mammals and the cover of bare ground, leaf 

litter and cryptogamic crust were estimated to the nearest whole percent within each quadrat. Plants 

that had any portion of their foliage within a quadrat were identified to species or genus level where 

possible and their percent cover estimated. Species that had a total cover estimate of less than 1% 

were assigned a value of 0.5% for analysis. Ground and plant cover estimates summed to 100% for 

each quadrat but area disturbed by mammals was assessed separately (e.g. where leaf litter overlaid 

patches of cryptogamic crust the area was designated as leaf litter not cryptogamic crust, but where 

leaf litter overlaid areas of mammal disturbed ground the area was included in both the disturbed 

ground and leaf litter estimates). Animal scats found within each quadrat were counted and 
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identified to species. While we were conducting the soil and vegetation surveys, we additionally 

recorded all vertebrate species we observed using a warren, that is, sheltering within, or entering or 

exiting a burrow.  

 

Productivity estimates 

Aerial vegetation surveys were conducted at Yookamurra in March 2019, Faure in September 2019 

and at Matuwa in October 2019. Aerial imagery was collected by a DJI Phantom 4 Pro V2.0 drone 

equipped with a Sentera High Precision NDVI Single sensor, flown at 5 m s-1 at a height of 50 m. This 

resulted in images with a resolution of 0.05 m pixel-1. Images were collected every two seconds. 

Paired warren and control plots were included in the same flight. At Matuwa and Faure flight 

conditions were consistently clear and sunny; at Yookamurra some light clouds were experienced at 

times. Flights were primarily conducted within two hours of solar noon, with some flights conducted 

up to four hours from solar noon. 

 

Prior to the start of each flight, an image containing a MAPIR Camera Reflectance Calibration 

Ground Target Package was collected. The reflectance values of individual images were calibrated 

against the target values using MAPIR Camera Control software. Orthomosaics and digital elevation 

models were generated from the calibrated images for each warren-control plot pair in Metashape 

Professional version 1.6.2. The resulting orthomosaics were converted into raster files, the red and 

near infra-red (NIR) bands separated and normalized difference vegetation index (NDVI) values 

were calculated for each pixel using the formula: 

 

NDVI = (NIR − RED) ⁄ (NIR + RED) 

 

A new raster file containing the NDVI values for each pixel was generated for each flight. 

 

A k-means unsupervised classification was applied to the NDVI raster files to separate vegetated and 

non-vegetated pixels using the unsuperClass function in RStoolbox version 0.2.6 for R Statistical 

Software version 3.6.2 (Leutner et al. 2019). Manual inspection of the resulting geometries 

confirmed that the classification was highly accurate at assigning pixels containing green vegetation 

to the correct class. Some grass clumps were incorrectly assigned to the non-vegetated class, but as 

these were in a dormant state at the time of image collection due to drought conditions (i.e. the 

above-ground structures were not photosynthesising), we did not attempt to correct this. Geometries 

containing only the vegetated pixels were generated for each flight and these were used for assessing 

the difference in the NDVI values between warren and control plots. 
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Statistical analyses 

We used nonmetric multidimensional scaling (nMDS) with significance assessed using 

permutational multivariate analysis of variance (vegan package for R version 2.5-6; Oksanen et al. 

2019) to assess overall differences between either the warren microsites and controls (soil variables) 

or the warrens and controls (vegetation cover and productivity variables) and to identify which 

variables were most important for structuring the soils and plant communities. For each of the input 

variables that contributed significantly to structuring the soils and vegetation communities, and for 

ground cover and scat abundance, we assessed differences between the warren microsites and 

controls (soil variables) or the warrens and controls (vegetation, ground cover and scat abundance 

variables) using generalized linear mixed-effects models, from the lmer4 package version 1.1-21 for 

R Statistical Software version 3.6.2 (Bates et al. 2015, R Core Team 2019). We used a Poisson 

distribution for plant species richness and a Gaussian distribution for all soil properties and 

vegetation and ground cover. A negative binomial distribution was used for scat abundance because 

the data contained a high proportion of true zeros. Vegetation cover was also analysed separately for 

the following functional types: large shrubs (shrub species > 1 m tall as adults, including small 

individuals of these species), small shrubs (shrub species < 1 m tall as adults), grasses, native species, 

non-native species and dead vegetation. Differences in the percent cover of plant species that were 

significantly correlated with either the warren or control plots (see below), and the five most 

frequently recorded species at each property, were also tested using generalized linear mixed-effects 

models. 

 

We used correlation indices to identify plant species preferences for groups of sites (De Caceres and 

Legendre 2009). We calculated an abundance-based phi coefficient of association, using the 

multipatt function from the indicspecies package for R version 1.7.9 (De Caceres and Legendre 2009) 

to test for species that are associated with either warrens or controls. We examined the effect of the 

warrens on plant species composition using nMDS and assessed significance using permutational 

multivariate analysis of variance (vegan package for R version 2.5-6; Oksanen et al. 2019).  

 

We conducted separate models for each site (i.e. Yookamurra, Matuwa and Faure) as, given their 

large geographical separation, we assumed that both soils and vegetation will vary. We used the mean 

values for each microsite or control for the soil properties, and the mean values for each warren or 

control for vegetation or ground percent cover. Plot-pair was used as a random effect in all models 

to account for the non-independence of the samples among the microsites (soil variables) and the 

paired nature of our warren and control plots. Habitat, and the interaction between habitat and 

microsite or plot, were included as explanatory variables in all models. Data were log-transformed 

where necessary to meet the model assumptions. Although percent data (i.e. moisture, carbon and 

percent cover variables) are often arcsine trans-formed, we found this inadequately transformed our 

data so used a log transformation after Warton and Hui (2011). 
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Results 

Soil properties 

We found clear distinctions between the soils of the warren and control microsites, and these 

differences were significant at all three sites (based on nMDS analyses; Faure r2 = 0.294, p = 0.001; 

Matuwa r2 = 0.295, p = 0.001; Yookamurra r2= 0.175, p = 0.001). All of the soil variables we assessed 

were significant contributors to the models for at least two of the three sites. Most soil variables 

differed between the warrens (particularly the entrance and spoil microsites) and the controls in at 

least one habitat at each site (Figure 2). Although we detected variation in the magnitude of these 

differences across our three sites, the direction of change was generally consistent, even when the 

difference was not significant. The warren microsites and the controls varied from each other in a 

generally consistent pattern: entrances and spoils were often significantly different from the matrix 

and control microsites, but these pairs were only occasionally significantly different from each other 

(e.g. matrix and controls rarely differed). 

 

Moisture levels at Faure were very low (only 10% of readings returned a value > 0) and did not differ 

between the microsites on warrens and the controls (Figure 2; Supplementary Material, Table SM1). 

At Matuwa, spoils had significantly higher moisture levels than the controls and the other warren 

microsites in the shrub but were only significantly higher than the matrix microsite in the spinifex 

habitat (Figure 2; Supplementary Material, Table SM1). Moisture levels were significantly higher in 

the entrances compared to the control and matrix microsites in both habitats at Yookamurra (Figure 

2; Supplementary Material, Table SM1). 

 

Entrances and spoils generally had lower soil compaction than matrix microsites and the controls 

(Figure 2; Supplementary Material, Table SM1). This was significant between entrances and both 

controls and the matrix micro-sites in all habitats and sites except the mallee habitat at Yookamurra 

(Figure 2). Ammonium nitrogen, nitrate nitrogen, potassium and sulphur were significantly higher 

on the entrances and spoils compared to the controls and the matrix microsites in most habitats and 

sites (Figure 2; Supplementary Material, Table SM1). Phosphorus and carbon were significantly 

lower on the entrances and spoils compared to the controls and the matrix microsites in most 

habitats and sites (Figure 2) except in the myoporum habitat at Yookamurra where phosphorus was 

higher in the spoils compared to the controls (Figure 2; Supplementary Material, Table SM1). 

 

Ground cover 

The amount of ground disturbed by animals was significantly higher on boodie warrens at all three 

sites (Supplementary Material, Table SM2). Boodie warrens also had more bare ground and this was 

significant in all habitats except the spinifex at Matuwa (Supplementary Material, Table SM2).  
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Figure 2. (a) Boodie warrens modify soil properties in largely consistent ways across three sites and 
five habitat types. Plot shows the results (p values) of generalized linear mixed-effects models 
comparing soil properties at microsites on boodie warrens (entrances, spoils, matrix) and at paired 
undisturbed controls. Blue cells indicate the value for first microsite in the pair was significantly 
lower than the second microsite. Orange cells indicate the value for the first microsite in the pair was 
significantly higher than the second microsite. The microsite pairs are denoted by the codes: 
EC – entrance and control, EM – entrance and matrix, ES – entrance and spoil, SC – spoil and 
control, SM – spoil and matrix, MC – matrix and control. (b) A schematic representation of a boodie 
warren showing the locations of the warren microsites: Entrances are the holes through which the 
boodies enter and exit the warren, spoils are the mounds of loose soil that accumulate through the 
excavation of burrows, and the matrix is the relatively undisturbed area of ground interspersed 
between entrances and spoils within the warren boundaries. Undisturbed control sites were located 
50 – 100 m from each warren. 
 

Warrens generally had less leaf litter, but this was significant only in the mallee at Yookamurra 

(t14.8 = 3.72, p = 0.01). Cryptogamic crust was only rarely recorded at Faure and was uncommon in 

the spinifex habitat at Matuwa. In the shrub and myoporum habitats at Matuwa and Yookamurra, 

cryptogamic crust cover was significantly lower on the warrens compared to the controls (Matuwa 

t19.3 = 4.79, p < 0.001; Yookamurra t44.4 = 4.1, p = 0.001; Supplementary Material, Table SM2). 

 

Scat abundance 

Total scat and bettong scat abundance were highly correlated at all three sites. Warrens at Matuwa 

and Faure had significantly more bettong scat than control plots (Matuwa shrub t19.3 = −5.29, 

p < 0.001; Matuwa spinifex t19.3 = −3.99, p = 0.004; Faure t16.1 = −6.91, p < 0.001; Supplementary 

Material, Table SM3). At Matuwa, rabbit (Oryctolagus cuniculus) scat was recorded at every warren 

and was significantly more abundant on the warrens in both habitats (shrub t19.3 = −8.83, p < 0.001; 

spinifex t19.3 = −4.08, p = 0.003; Supplementary Material, Table SM3). We occasionally recorded the 

scat of other species; banded hare-wallaby (Lagostrophus fasciatus) and Shark Bay bandicoot 

(Perameles bougainville) at Faure; mala (Lagorchestes hirsutus), golden bandicoot (Isoodon 
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auratus) and common brushtail possum (Trichosurus vulpecula) at Matuwa; and eastern grey 

kangaroo (Macropus giganteus), greater bilby (Macrotis lagotis), short-beaked echidna 

(Tachyglossus aculeatus) and common brushtail possum at Yookamurra. The abundance of scat 

from these species did not differ significantly between the warren and control plots. 

 

Warren use by other vertebrates 

While recording other data we observed several species using the warrens. At Yookamurra, two 

juvenile numbats (Myrmecobius fasciatus) were seen repeatedly entering and exiting apparently 

little used entrances of a large, active warren, and basking on the spoil piles. The numbats were 

observed on a number of occasions spanning several weeks. Dead brushtail possums were recorded 

in the burrow entrances of a number of warrens at Yookamurra. At Matuwa, we observed three 

species of reptiles, Varanus gouldii, Eremiascincus richardsonii and Furina ornata, exiting or 

entering the burrows. 

 

Vegetation properties 

The nMDS analyses showed that, overall, vegetation properties were similar on boodie warrens and 

controls at all three sites. All of the vegetation variables we assessed were significant contributors to 

the models for at least two of the three sites. 

 

Species richness 

Vegetation species richness did not differ between warrens and controls at any of the three sites 

(Figure 3, Supplementary Material, Table SM4). We did not record any non-native species at 

Matuwa, so we did not assess differences between native and non-native species for that site. Neither 

native nor non-native species richness differed between warrens and controls at Faure or 

Yookamurra (Supplementary Material, Table SM4). 

 

Cover 

There were few differences in the mean percent cover of most plant groups between warrens and 

controls at any of the three sites (Figure 3, Supplementary Material, Table SM5). Exceptions to this 

were significantly higher total vegetation (t19.3 = −3.59, p = 0.009) and small shrub (t19.3 = −3.59, 

p = 0.004) cover on the warrens in the shrub habitat at Matuwa, higher cover of non-native species 

on the warrens in both habitats at  Yookamurra (myoporum t22.2  =  −3.25,  p = 0.017; mallee 

t22.2 = −3.85, p = 0.004), higher cover of grasses (t22.2 = −4.12, p = 0.002) and dead vegetation 

(t22.2  = −3.38, p = 0.013) on the warrens in the mallee habitat at Yookamurra and lower cover of 

large shrubs (t16.1 = 2.22, p = 0.041) on the warrens at Faure (Figure 3, Supplementary Material, 

Table SM5).  
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Figure 3. There were few differences in vegetation species richness, percent cover or composition 
between boodie warrens and undisturbed control plots. Plot shows the results (p values) of 
generalized linear mixed-effects models comparing vegetation properties between warrens and 
controls. 
 

 
Figure 4. At both Faure and Yookamurra, more non-native plant species were positively associated 
with (i.e. more abundant and found more commonly at) boodie warrens than control plots. 
Percentages for each group do not always sum to 100 because some species were associated with 
both warrens and controls. Data from the two habitat types at Yookamurra are combined. 
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Correlation indices & individual species responses 

We found substantial differences in the response of native and non-native plant species to warren 

presence at Faure and Yookamurra (no non-native species were recorded at Matuwa). A greater 

proportion of non-native species were positively associated with warrens compared to controls at 

both Faure (75% c.f. 25%) and Yookamurra (58% c.f. 33%; Figure 4). In contrast, native species did 

not respond to warren presence at Faure (the same proportions of native species (44%) were 

positively associated with warrens and controls), and a greater proportion of native species were 

positively associated with controls rather than warrens at Yookamurra (58% c.f. 33%; Figure 4). 

 

Six species, three of which were non-native, were significantly associated with warrens (i.e. were 

more abundant and found more commonly on warrens) across the three sites. Herniaria cinerea, 

Schismus barbatus, and Sclerolaena obliquicuspis were found more commonly on warrens in the 

myoporum habitat at Yookamurra, Senna artemisioides and an unidentified grass were significantly 

associated with warrens in the shrub habitat at Matuwa, and Sisymbrium orientale was found more 

commonly on warrens at Faure (Supplementary Material, Table SM6). Native species were more 

likely to be significantly associated with controls. At Matuwa three species, two native acacias and 

an unknown grass sp., were found more commonly on the controls and, at Yookamurra, eight 

species, all native, were found more commonly on the controls (Supplementary Material, Table 

SM6). No species were significantly correlated with the controls at Faure (Supplementary Material, 

Table SM6). 

 

Four species, one from Faure and three from Yookamurra, had significantly higher cover on the 

warrens compared to the controls. These included three annual, non-native species and one native, 

perennial shrub (Supplementary Material, Table SM6). All four species are known to respond 

positively to disturbance. Five species, one each from Faure and Matuwa and three from 

Yookamurra, had significantly higher cover on the control plots. All five species were native species: 

two perennial shrubs, two annual herbs, and an unidentified grass (Supplementary Material, Table 

SM6). 

 

Species composition 

There were significant differences in species composition between warrens and controls in the mallee 

habitat at Yookamurra (r2 = 0.16, p = 0.05) and the shrub habitat at Matuwa (r2 = 0.16, p = 0.04; 

Figure 3). Species composition did not differ in the other habitat types at Matuwa and Yookamurra 

or at Faure. There were nine species that were recorded only on the warrens and five that were 

recorded only on the controls at Faure (Supplementary Material, Table SM7). At Matuwa, seven 

species were recorded only on the warrens and nine only on the controls (Supplementary Material, 

Table SM7). There were fourteen species recorded only on the warrens and seventeen species 

recorded only on the controls at Yookamurra (Supplementary Material, Table SM7). 
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Productivity 

Plant productivity was significantly higher on boodie warrens compared to control plots at all three 

sites (Figure 3, Supplementary Material, Table SM8). When a buffer zone around the edge of the 

warren was added, to encompass any potential effects of underground structures extending beyond 

the disturbance visible at the surface, the difference between the mean NDVI values of warrens and 

control plots remained significant for Faure (t11270 = −7.05, p < 0.001) and Yookamurra (t62060 = 9.73, 

p < 0.001) but became marginally nonsignificant at Matuwa. However, the mean NDVI values of 

warren and control plots were all below zero (indicating most of the vegetation was not 

photosynthetically active) and differed by less than 0.01 in all cases (Supplementary Material, Table 

SM8). The NDVI values of vegetated pixels increased significantly with distance from the centre of 

warrens at Yookamurra (t31440 = −8.91, p < 0.001) but not at either Faure or Matuwa. 

 

Warren distribution, size, and activity level 

Warren density was far higher at Faure (5.65 warrens ha-1) than at either Yookamurra (0.3 warrens 

ha-1) or Matuwa (0.1 warrens ha-1; Table 2). The proportion of warrens with at least one active 

entrance was also highest at Faure (Table 2). Warrens at Matuwa were significantly larger and had 

significantly more entrances and significantly more active entrances than either Faure or 

Yookamurra (Table 2). Warrens at Faure were the smallest, with significantly fewer total entrances 

than warrens at Yookamurra (Table 2). 

 

Table 2. The density, size and activity levels of boodie warrens at three sites.  

 Faure Matuwa Yookamurra p value 

Warrens ha−1 5.65 0.1 0.3  

Proportion of warrens 
active 

95% 57% 79%  

Mean size (m2) 133.88 (17.12) 452.98 (68.36) 186.68 (21.1) M > Y, F (p < 0.01) 

Area covered by warrens 7.5% 0.45% 0.5%  

Mean number entrances 3.11 (0.51) 13.58 (2.02) 7.05 (0.66) 
M > Y, F (p < 0.01) 
Y > F (p < 0.01) 

Mean number active 
entrances 

2.64 (0.47) 9.37 (1.63) 2.46 (0.35) M > Y, F (p < 0.01) 

 

Discussion 

Boodie warrens altered soil properties, but had only limited impacts on vegetation communities, 

across a range of habitats and sites. Although boodie warrens varied in size and density according to 

the substrate available at each study site, they tended to have similar effects on soils, ground cover, 

vegetation, and novel ecosystem elements. Some plant groups in some habitats, such as small shrubs 

in the shrub habitat at Matuwa, had higher cover on the warrens, and several native vertebrate 

species, other than boodies, were recorded using the warrens. However, novel ecosystem elements, 
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such as non-native plant species and rabbits, also benefited from the conditions found on boodie 

warrens, indicating that boodies may contribute to ecosystem changes. 

 

Burrowing mammals alter soil properties 

Overall, we found that soil properties and ground cover often differed between warrens and controls. 

Unsurprisingly, boodie warrens had significantly more bare and disturbed ground, and tended to 

have less leaf litter and cryptogamic crust. The magnitude of the differences in the soil properties 

across our three sites varied but the direction of change was generally consistent. Two of the 

microsites on boodie warrens, entrances and spoils, tended to have higher moisture and lower 

compaction levels than controls. Of the soil nutrients we assessed, nitrogen, sulphur and potassium 

levels tended to be higher, and phosphorus and carbon levels lower, on entrances and spoils 

compared to the controls. These results are largely consistent with those recorded for other 

burrowing mammals (e.g. Kerley et al. 2004, Wesche et al. 2007, Hagenah et al. 2013). However, 

previous studies of relict boodie warrens have recorded higher levels of phosphorus and carbon on 

warrens (Noble et al. 2007, Chapman 2015). In contrast to the relatively inactive relict warrens, the 

high levels of soil turnover on the active warrens in our study most likely reduced soil carbon through 

increased decomposition rates or the deposition of subsurface soil containing little organic matter 

on the surface (Sherrod and Seastedt 2001, Kurek et al. 2013). 

 

We found that matrix microsites on the warrens were largely similar to the controls. This suggests 

that, rather than selecting warren locations based on their compaction, moisture, or nutrient levels, 

boodies cause the soil property differences we observed. Compaction was most likely reduced 

through the reworking of the soil during burrow construction. Less compact soils may subsequently 

lead to higher moisture levels through increased infiltration rates (Fleming et al. 2014). Increased 

soil nutrient levels on burrows and warrens have previously been attributed to the accumulation of 

urine, faeces and decomposing nesting material (Moorhead et al. 1988, Hagenah et al. 2013). We 

found that boodie scat was 2 – 14 times more abundant on warrens, and primarily concentrated 

around entrances and spoils, where nutrient concentrations were also higher. Boodies also 

accumulate nesting material within their warrens (Stodart 1966); its decomposition may be 

enriching the sub-surface soil which is later brought to the surface. Through their deposition of 

organic material and their construction activities, boodies are significantly changing the compaction, 

moisture, and nutrient contents of the soils on their warrens. 

  

Vegetation communities on warrens were similar to undisturbed sites 

Many Australian soils are poor in nutrients, especially phosphorus and nitrogen, and this, along with 

a lack of water, is a primary limiting factor for plants (Smith and Morton 1990). The higher nutrient 

and moisture concentrations on boodie warrens may make them favourable sites for vegetation, but, 

surprisingly, we found that there were few differences between the plant communities on warren and 
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control plots. Many other studies comparing plant communities between mammal burrows and 

control sites have found significant differences in vegetative cover (e.g. Wheeler and Hik 2013, 

Parsons et al. 2016, Haussmann et al. 2018), species richness (e.g. Davidson and Lightfoot 2008, 

Hagenah et al. 2013), and composition (e.g. Wesche et al. 2007, Davidson and Lightfoot 2008, Bryce 

et al. 2013). Noble et al. (2007) found that uninhabited, relict boodie warrens had a higher cover of 

palatable grasses and forbs, indicating that boodie warrens do have the potential to affect vegetation 

communities. At our study sites, other factors, such as herbivory or weather conditions, may have 

stronger influences on vegetation communities than the soil changes brought about by boodie 

warren construction. Additionally, Australian arid and semi-arid zone vegetation communities are 

slow growing, and more time may be required for more pronounced differences to become apparent. 

 

Increased grazing pressure on the plants growing on the warrens may be off-setting any positive 

effects of the increased moisture and nutrients we recorded on boodie warrens. The net effect of 

boodies, and other reintroduced mammals, on seedling abundance has been shown to be negative 

due to the effects of herbivory despite the apparent benefits of their foraging diggings on seedling 

abundance (Verdon et al. 2016). Plants growing on boodie warrens contain higher concentrations of 

nutrients (Chapman 2015) and the burrows of steppe marmots (Marmota bobak) support a greater 

abundance of palatable species (Valkó et al. 2021). Nutrient-rich, palatable foliage attracts 

herbivores and can lead to lower overall plant biomass even though plants can benefit from increased 

soil nutrients (van der Waal et al. 2016). Further experimental work, incorporating exclusion devices 

on inhabited warrens, could help to disentangle the engineering and trophic effects of boodies and 

boodie warrens on vegetation. 

 

Environmental conditions, particularly rainfall, are likely to affect the impact of boodie warrens on 

vegetation. Moorhead et al. (1988) found, for example, that the cover of spring annuals was 

significantly higher on banner-tailed kangaroo rat (Dipodomys spectabilis) mounds but only in years 

of sufficient rainfall. Arid zone Australia is characterized by highly variable rainfall resulting in 

distinct pulses in plant productivity. It is only in wet years that substantial amounts of annual 

vegetation are present and perennial plants establish (Morton et al. 2011). Our research was carried 

out in a time of extreme drought at all three sites, which is likely to have reduced vegetative responses 

and may have exacerbated trophic impacts. Long-term monitoring of vegetation on and off boodie 

warrens may be the only way to obtain a complete understanding of their effect on plant 

communities. 

 

Boodie warrens benefit novel ecosystem elements 

We found that non-native plant species appeared to benefit from the conditions found on boodie 

warrens more than native plant species. This may be because the amount of disturbed ground was 

significantly higher on the warrens and many non-native plants are adapted to disturbance (Liebman 
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et al. 2001). Alternatively, the increased moisture and nutrient levels on the warrens may be more 

important for non-native species. For example, Ward's weed (Carrichtera annua), which was 

significantly more abundant on warrens at Yookamurra, will not germinate when soil moisture is 

very low (Facelli and Chesson 2008). Browsing pressure on palatable, native species on the warrens 

could have decreased competition, allowing unpalatable, non-native species to increase. Preferential 

browsing by black-tailed prairie-dogs (Cynomys ludovicianus) has been shown to increase the cover 

of non-native forbs at four times the rate of native forbs (Beals et al. 2014). Because boodie warrens 

appear to be favourable locations for non-native plant species, in areas where there are species of 

management concern, it may be prudent to control or eradicate these prior to translocating boodies. 

In situations where this is not possible, boodie warrens could be used as focal points for control of 

problem species post-release.  

 

At Matuwa, boodie warrens are used extensively by introduced rabbits. Boodie warrens are thought 

to have facilitated the rapid spread of rabbits throughout arid Australia in the late 19th and early 

20th centuries (Parer and Libke 1985); an example of how native ecosystem engineers can have 

detrimental effects under altered environmental conditions. While boodies appear to be largely 

unaffected by the presence of rabbits, more sensitive species that compete directly for food resources 

may be adversely affected. If translocations of boodies are planned to areas supporting rabbits, it is 

probably best to eradicate them prior to releasing boodies, to prevent further expansion of the rabbit 

population. 

 

Boodie warrens are also used by native fauna (Read et al. 2008) and our study added to the number 

of native species known to benefit from their presence. We opportunistically recorded seven species 

of native mammals and reptiles sheltering within the warrens and recorded the scats of a further 

seven native mammals on the warrens. Our observation of a numbat using an active warren to raise 

its young shows that boodie warrens can provide key breeding resources to other threatened species. 

In areas where breeding resources, such as tree hollows or burrows, are limited, the prior 

translocation of boodies or other burrowing species may increase the chances of other species 

successfully establishing. 

  

Soil substrate influences warren characteristics 

The translocated boodie populations in our study constructed large, complex warrens on the harder 

soils at Yookamurra and Matuwa (myoporum and shrub habitats) and smaller, simpler warrens in 

the softer sands (mallee, spinifex and acacia habitats) at all three sites. Warrens constructed by 

extant boodie populations are most commonly described as large structures created by boodies 

burrowing into or under caprock or calcrete lenses (Sander et al. 1997, Burbidge et al. 2007, Noble 

et al. 2007). In the coastal sand on Bernier and Dorre Islands, however, boodies also construct 

smaller, simpler warrens under shrubs and tussock grasses (Ride et al. 1962). It is likely that boodies 
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once constructed warrens in softer sands throughout their former range, but these warrens would 

have disappeared not long after boodies were extirpated. Large warrens, such as those that have 

persisted long after boodies disappeared, appear to be restricted to locations where a calcrete layer 

or caprock provides long-term structural integrity. 

 

Boodie warren density in our study was likely driven by substrate characteristics, though population 

density may have also been influential. At Matuwa, and to some extent Yookamurra, the calcrete 

layer prevents the construction of warrens in many areas but, where opportunities to dig under it 

exist, it provides structural integrity and allows warrens to expand into substantial structures. As a 

result, Matuwa, where the calcrete layer is particularly thick and close to the surface, has the lowest 

warren density but the warrens there are significantly larger and have significantly more burrow 

entrances than the warrens at Yookamurra and Faure. A similar pattern of warren density, size and 

activity level has been recorded in southern hairy-nosed wombats (Walker et al. 2007). Future 

boodie translocations should, therefore, consider substrate characteristics when making predictions 

about warren and population densities. 

 

The impact of warren sizes and density on boodie population structure and dynamics will contribute 

to shaping the impact that boodies have on the wider landscape. Boodies tend to stay within a few 

hundred meters of their warren (Short and Turner 1999, Finlayson and Moseby 2004). Where 

relatively few, large warrens occur, as we observed in the shrub habitat at Matuwa, the wider 

ecosystem impacts of boodies, that is, through herbivory or foraging digs, may be relatively 

concentrated. In areas where many, small warrens are constructed, such as we recorded at Faure, 

more diffuse ecosystem impacts may occur. An understanding of how soil substrate influences 

potential boodie warren size and density could allow translocation practitioners to predict the overall 

ecosystem effects of translocating boodies. Although it may be difficult to conduct given the current 

confinement of boodies to islands and fenced areas, further work is still required to determine the 

link between warren density and the landscape-scale impacts of boodies. 

 

If there is a consistent relationship between boodie warren density and population size it may be 

possible to use the presence of relict warrens to estimate historic population densities. However, 

because warrens constructed in sands are likely to degrade quickly, the density of relict warrens will 

most likely underrepresent historic warren densities. The warren densities we observed at Matuwa 

and Yookamurra are similar to those recorded in studies of relict warrens (Burbidge et al. 2007, 

Noble et al. 2007) suggesting Matuwa and Yookamurra boodie population densities may be lower 

than, or similar to, historic densities. At Faure, the population density is more than ten times that of 

Matuwa and Yookamurra, possibly because the sandy soils allow unconstrained warren 

construction. Although there is concern that the population density of several confined boodie 

populations is too high, early European reports suggest that boodies previously occurred in very high 

densities (Abbott 2008) and we hypothesize that current population densities at our three sites are 
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likely to fall within the range of densities previously exhibited by boodies in different habitat and soil 

types. 

 

The extreme drought conditions operating at all three sites during our study may have prevented us 

detecting the full range of effects on vegetation communities. However, with increased temperatures 

and lower, but more variable, rainfall predicted under climate change (CSIRO and Bureau of 

Meteorology 2015), drought may most closely represent future prevailing weather conditions. Since 

climatic conditions now and in the future are likely to differ from past conditions, translocating 

boodies may never result in the restoration of historic vegetation communities. However, as 

temperatures rise, warrens may become increasingly important for the persistence of other fauna at 

a site (Catano and Stout 2015). While translocated boodies may not perfectly replicate the roles and 

effects of historic populations, they are likely to substantially alter the locations in which they are 

released. 

 

Conclusions 

Our study shows that, through the construction of substantially sized, numerous, and sometimes 

long-lived warrens, translocated boodie populations play an important role in structuring 

ecosystems. Boodie warrens consistently modify soils across a range of habitats and sites by 

increasing soil moisture and many soil nutrients, and decreasing compaction. Although we did not 

find substantial impacts on vegetation communities, the higher cover of some plant groups and 

altered species compositions on warrens in two habitats indicate that warrens do have some effect. 

Due to the absence of data from prior to boodie population declines, it is impossible to know whether 

the effects we detected represent the restoration of boodies’ historic roles or, conversely, novel 

impacts and interactions. Regardless, boodies should be considered ecosystem engineers with the 

potential to alter soil resources for both plants and animals. 
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Supplementary Material 1  

Boodie warren effects on soils and vegetation 

 

Table SM1. The mean values of soil properties at four microsites on boodie warrens at three sites, Yookamurra, Matuwa, and Faure. 

Microsite Control Entrance Matrix Spoil Control Entrance Matrix Spoil 

Yookamurra Mallee Myoporum 

Moisture % 3.4 ± 0.33 5.9 ± 0.22 4.2 ± 0.28 5.1 ± 0.39 3.9 ± 0.29 5.2 ± 0.34 4 ± 0.29 4.7 ± 0.30 

Compaction kg/cm2 6.8 ± 1.55 5.0 ± 0.60 7.7 ± 1.40 4.4 ± 0.43 15.9 ± 0.58 7.8 ± 0.74 13.9 ± 1.29 7.2 ± 0.70 

NH4 nitrogen mg kg2 3.6 ± 1.01 10.6 ± 5.71 2.8 ± 1.01 3.0 ± 0.47 2.3 ± 0.40 14.4 ± 4.01 2.3 ± 0.16 3.3 ± 0.68 
NO3 nitrogen mg kg2 12.8 ± 4.81 20.0 ± 7.16 4.8 ± 2.40 17.1 ± 3.50 1.5 ± 0.12 41.2 ± 11.59 2.8 ± 1.03 20.3 ± 6.33 
Phosphorus mg kg2 28.7 ± 4.97 15.5 ± 1.97 29.1 ± 2.76 15.8 ± 1.89 7.1 ± 0.88 10.5 ± 0.68 22.5 ± 3.48 14.1 ± 1.68 
Potassium mg kg2 414.8 ± 24.40 828.5 ± 83.36 536.9 ± 41.89 767.6 ± 62.54 405.9 ± 20.74 1165 ± 156.13 590.7 ± 55.62 882.6 ± 47.62 
Sulphur mg kg2 46.4 ± 17.89 45.1 ± 6.21 8.9 ± 1.40 49.7 ± 13.28 2.7 ± 0.10 37.3 ± 8.35 3.9 ± 0.70 17.8 ± 4.14 
Carbon % 3.4 ± 0.41 1.6 ± 0.17 2.4 ± 0.30 1.6 ± 0.15 1.1 ± 0.06 0.9 ± 0.09 1.3 ± 0.17 0.8 ± 0.10 
Conductivity dS m-1 0.4 ± 0.06 0.6 ± 0.07 0.2 ± 0.04 0.5 ± 0.08 0.1 ± 0 0.5 ± 0.09 0.1 ± 0.01 0.3 ± 0.04 
pH (H2O) 7.9 ± 0.08 8.2 ± 0.08 7.9 ± 0.05 8.2 ± 0.09 7.8 ± 0.02 8.2 ± 0.06 7.9 ± 0.03 8.1 ± 0.06 
pH (CaCl2) 8.5 ± 0.05 9.3 ± 0.03 8.7 ± 0.02 9.2 ± 0.04 8.7 ± 0.02 9.1 ± 0.03 8.8 ± 0.02 9.2 ± 0.03 

Matuwa Spinifex Shrub 

Moisture % 1.8 ± 0.20 1.8 ± 0.12 1.3 ± 0.15 2.2 ± 0.10 3.1 ± 0.24 3 ± 0.13 3.7 ± 0.22 4.1 ± 0.22 

Compaction kg/cm2 8.9 ± 1.35 2.2 ± 0.49 5.6 ± 0.99 4.2 ± 0.46 14.2 ± 0.56 3.2 ± 0.51 8.3 ± 0.85 4.1 ± 0.45 

NH4 nitrogen mg kg2 3.6 ± 0.34 48.4 ± 8.41 14.9 ± 3.38 38.2 ± 6.07 2.2 ± 0.59 15 ± 1.98 2 ± 0.19 5.2 ± 0.89 
NO3 nitrogen mg kg2 4.0 ± 1.64 13.3 ± 3.34 2.1 ± 0.29 2.1 ± 0.52 4.2 ± 0.53 89.4 ± 42.42 6.7 ± 1.01 25 ± 11.95 
Phosphorus mg kg2 5.6 ± 0.46 2.6 ± 0.36 4.2 ± 0.35 2.2 ± 0.23 7.2 ± 0.76 45.6 ± 13.98 20.7 ± 3.30 33.9 ± 15.02 
Potassium mg kg2 121.9 ± 15.42 222.6 ± 25.99 125.5 ± 11.23 201.1 ± 13.92 212.4 ± 13.18 411 ± 45.25 256.2 ± 17.52 372.1 ± 46.63 
Sulphur mg kg2 3.7 ± 0.51 14.4 ± 3.28 3.4 ± 0.30 4.5 ± 0.37 9.2 ± 2.30 459.5 ± 289.10 6.8 ± 1.51 357.8 ± 294.60 
Carbon % 0.3 ± 0.03 0.2 ± 0.02 0.3 ± 0.03 0.1 ± 0.01 0.4 ± 0.03 0.7 ± 0.11 0.5 ± 0.05 0.4 ± 0.09 
Conductivity dS m-1 0 ± 0.03 0.1 ± 0.02 0 ± 0.03 0 ± 0.01 0.1 ± 0.03 0.5 ± 0.11 0.1 ± 0.05 0.3 ± 0.09 
pH (H2O) 5.8 ± 0.09 6.8 ± 0.18 6.5 ± 0.12 7.0 ± 0.16 8.6 ± 0.07 8.4 ± 0.10 8.7 ± 0.05 8.6 ± 0.09 
pH (CaCl2) 4.8 ± 0.09 6.2 ± 0.23 5.4 ± 0.18 6.1 ± 0.21 7.8 ± 0.07 7.8 ± 0.07 7.9 ± 0.04 7.9 ± 0.06 
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Table SM1. continued 

Microsite Control Entrance Matrix Spoil Control Entrance Matrix Spoil 

Faure Acacia     
Moisture % 0 ± 0.01 0.1 ± 0.03 0.2 ± 0.21 0.1 ± 0.08     
Compaction kg/cm2 2.8 ± 0.15 1.4 ± 0.10 3.0 ± 0.30 2.8 ± 0.20     
NH4 nitrogen mg kg2 2.1 ± 0.42 12.4 ± 1.75 4.7 ± 1.79 6.8 ± 1.4     
NO3 nitrogen mg kg2 6.7 ± 1.21 32.9 ± 3.88 9.2 ± 1.91 12.7 ± 1.95     
Phosphorus mg kg2 9.6 ± 1.29 5.7 ± 0.58 9.1 ± 0.69 6.1 ± 0.48     
Potassium mg kg2 144.1 ± 15.43 239.7 ± 18.94 151.3 ± 10.23 187.1 ± 14.42     
Sulphur mg kg2 5.1 ± 0.96 18.1 ± 3.50 6.3 ± 1.46 4.7 ± 0.68     
Carbon % 0.5 ± 0.03 0.3 ± 0.03 0.6 ± 0.06 0.3 ± 0.03     
Conductivity dS m-1 0.1 ± 0.01 0.2 ± 0.02 0.1 ± 0.01 0.1 ± 0.01     
pH (H2O) 7.7 ± 0.14 7.7 ± 0.12 7.7 ± 0.09 7.6 ± 0.13     
pH (CaCl2) 6.9 ± 0.14 7.0 ± 0.12 6.8 ± 0.10 6.8 ± 0.12     

Note: Data presented are the mean ± standard error. 
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Table SM2. The mean percent cover of ground variables on boodie warrens and paired controls at three sites, Yookamurra, Matuwa and Faure. Data 
presented are the mean ± standard error. 

Microsite Warren Control Warren Control 

Yookamurra Mallee Myoporum 
Disturbed ground 58.96 ± 5.51 10.41 ± 2.18 55.02 ± 6.48 8.88 ± 1.83 
Bare ground 49.15 ± 3.92 34.67 ± 4.04 40.95 ± 3.08 15.45 ± 1.24 
Leaf litter 23.76 ± 3.91 43.95 ± 5.80 16.82 ± 2.05 17.18 ± 2.41 
Cryptogamic crust 20.13 ± 3.74 17.25 ± 6.87 32.38 ± 3.48 58.53 ± 2.86 

Matuwa Spinifex Shrub 
Disturbed ground 34.95 ± 2.37 1.33 ± 0.55 41.89 ± 6.01 0.95 ± 0.44 
Bare ground 61.84 ± 5.21 42.17 ± 6.29 77.24 ± 2.32 62.54 ± 4.25 
Leaf litter 12.37 ± 2.42 14.79 ± 3.05 13.71 ± 1.68 11.10 ± 1.79 
Cryptogamic crust 0.45 ± 0.38 3.41 ± 2.86 3.65 ± 0.82 23.28 ± 4.13 

Faure Acacia   

Disturbed ground 55.75 ± 2.35 4.15 ± 1.32   

Bare ground 46.48 ± 3.44 34.85 ± 5.20   

Leaf litter 21.89 ± 1.92 25.78 ± 3.29   

Cryptogamic crust 0.02 ± 0.02 0.14 ± 0.08   

 

Table SM3. The mean abundance of scat recorded at boodie warrens and paired controls at three sites, Yookamurra, Matuwa and Faure. Data 
presented are the mean ± standard error. 

Microsite Warren Control Warren Control 

Yookamurra Mallee Myoporum 
All scat 2.27 ± 0.64 2.44 ± 0.61 4.89 ± 0.63 4.01 ± 0.65 
Boodie 2.81 ± 0.60 2.55 ± 0.44 4.73 ± 0.54 3.05 ± 0.32 

Matuwa Spinifex Shrub 
All scat 4.44 ± 0.61 0.48 ± 0.09 10.03 ± 0.89 1.05 ± 0.34 
Boodie 5.07 ± 0.81 1.48 ± 0.31 4.61 ± 0.81 0.92 ± 0.15 
Rabbit 4.76 ± 0.54 1.00 ± 0.56 8.58 ± 0.79 1.87 ± 0.36 

Faure Acacia   

All scat 5.21 ± 0.54 2.05 ± 0.39   

Boodie 4.99 ± 0.52 1.35 ± 0.25   
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Table SM4. The mean species richness of plants growing on boodie warrens and control plots at three sites, Yookamurra, Matuwa and Faure. Data 
presented are the mean ± standard error. 

Microsite Warren Control Warren Control 

Yookamurra Mallee Myoporum 
All 6.2 ± 0.68 5.3 ± 0.80 12.1 ± 1.06 13.3 ± 1.62 
Native 5.2 ± 0.63 4.7 ± 0.68 10.1 ± 0.74 11.3 ± 1.26 
Non-native 1.0 ± 0.15 0.6 ± 0.16 2.0 ± 0.45 2.0 ± 0.47 

Matuwa Spinifex Shrub 
All  2.8 ± 0.56 3.5 ± 0.46 5.4 ± 0.36 5.4 ± 0.35 
Native  NA NA NA NA 
Non-native NA NA NA NA 

Faure Acacia   

All  9.7 ± 0.50 9.1 ± 0.77   
Native  7.7 ± 0.49 7.6 ± 0.78   
Non-native 2.0 ± 0.17 1.5 ± 0.19   
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Table SM5. The mean percent cover of vegetation groups on boodie warrens at three sites, Yookamurra, Matuwa and Faure. Data presented are the 
mean ± standard error. 

Microsite Warren Control Warren Control 

Yookamurra Mallee Myoporum 
All 0.07 ± 0.02 0.05 ± 0.01 0.10 ± 0.02 0.09 ± 0.03 
Native 0.06 ± 0.02 0.05 ± 0.01 0.10 ± 0.02 0.12 ± 0.03 
Non-native 0.01 ± 0.004 0.001 ± 0.00 0.02 ± 0.01 0.01 ± 0.001 
Big shrub 0.012 ± 0.01 0.004 ± 0.00 0.04 ± 0.01 0.06 ± 0.01 
Little shrub 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 
Grass 0.01 ± 0.004 0.002 ± 0.001 0.02± 0.01 0.01 ± 0.002 
Herb 0.002 ± 0.00 0.001 ± 0.00 0.004 ± 0.00 0.004 ± 0.001 
Dead 0.08 ± 0.03 0.03 ± 0.06 0.05 ± 0.01 0.02 ± 0.006 

Matuwa Spinifex Shrub 
All 0.27 ± 0.05 0.41 ± 0.05 0.05 ± 0.01 0.02 ± 0.004 
Native NA NA NA NA 
Non-native NA NA NA NA 
Big shrub 0.01 ± 0.01 0.01 ± 0.002 0.01 ± 0.003 0.01 ± 0.002 
Little shrub 0.0001 ± 0.0001 0.0004 ± 0.0004 0.02 ± 0.004 0.003 ± 0.001 
Grass 0.24 ± 0.04 0.39 ± 0.04 0.01 ± 0.01 0.01 ± 0.003 
Herb NA NA NA NA 
Dead 0.02 ± 0.01 0.04 ± 0.02 0.12 ± 0.05 0.02 ± 0.004 

Faure Acacia   

All 0.31 ± 0.04 0.39 ± 0.05   

Native 0.29 ± 0.03 0.36 ± 0.04   

Non-native 0.03 ± 0.01 0.04 ± 0.02   

Big shrub 0.21 ± 0.03 0.30 ± 0.04   

Little shrub 0.02 ± 0.01 0.02 ± 0.01   

Grass 0.02 ± 0.01 0.04 ± 0.02   

Herb 0.01 ± 0.002 0.003 ± 0.001   

Dead 0.15 ± 0.02 0.12 ± 0.03   
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Table SM6. The life attributes and percent cover of the five plant species most commonly recorded on, and species which were significantly associated 
with, either boodie warrens or controls at three sites, Yookamurra, Matuwa and Faure. 

Species Life form Origin Palatability 
Mean cover  

(standard error) 
Mean cover  

(standard error) p value 
    Warren Control Warren Control  

Yookamurra    Mallee Myoporum  

Asteridea athrixioides3 Annual Native Unknown NA NA 0.05 ± 0.05 0.2 ± 0.08 0.08 

Austrostipa sp.1 Perennial Native Palatable 0.33 ± 0.13 0.12 ± 0.08 0.64 ± 0.18 0.46 ± 0.05 0.26 

Atriplex stipitata1 Perennial Native Unpalatable 3.53 ± 1.19 1.33 ± 2.91 7.57 ± 2.59 6.23 ± 0.29 0.03 

Carrichtera annua1 Annual Non-native Unpalatable 1.19 ± 0.57 2.91 ± 0.11 2.59 ± 0.52 0.29 ± 0.1 0.03 

Geijera linearifolia1 Perennial Native Palatable 5.29 ± 3.53 2 ± 1.33 24.15 ± 7.57 17.27 ± 6.23 0.4 

Goodenia pusilliflora3 Annual Native Palatable NA NA NA 0.2 ± 0.08 0.03 

Herniaria cinerea2 Annual Non-native Unpalatable NA NA 0.2 ± 0.08 0.05 ± 0.05 0.08 

Hyalosperma semisterile3 Annual Native Unknown NA NA NA 0.2 ± 0.08 0.03 

Olearia muelleri3 Perennial Native Unpalatable 0.7 ± 0.52 1.75 ± 1.03 NA NA 0.04 

Rhagodia crassifolia3 Perennial Native Palatable 1.15 ± 0.76 1.79 ± 0.84 NA 0.1 ± 0.1 0.54 

Rytidosperma sp. 1 Perennial Native Palatable NA 0.55 ± 0.55 0.38 ± 0.08 0.62 ± 0.15 0.22 

Schismus barbatus2 Annual Non-native Palatable 1.04 ± 0.96 NA 1.02 ± 0.51 0.15 ± 0.08 0.03 

Sclerolaena obliquicuspis2 Perennial Native Low NA NA 0.35 ± 0.2 0.05 ± 0.05 0.16 

Senna artemisioides3 Perennial Native Unpalatable NA 0.4 ± 0.31 1.38 ± 0.77 2.47 ± 1.09 0.17 

         

Matuwa    Spinifex Shrub  

Acacia aneura var aneura3 Perennial Native Highly Palatable 0.63 ± 0.63 1.32 ± 0.77 NA NA 0.31 

Acacia sp. 13 Perennial Native Unknown NA NA 3.11 ± 1.98 4.83 ± 1.67 0.18 

Aristida contorta1 Perennial Native Unpalatable NA NA 0.22 ± 0.22 0.95 ± 0.3 0.04 

Grass sp. 11,2 Unknown Unknown Unknown NA NA 1.87 ± 0.61 0.91 ± 0.44 0.09 

Grass sp. 41,3 Unknown Unknown Unknown NA NA 1.79 ± 0.6 0.44 ± 0.17 0.88 

Ptilotus obovatus1 Perennial Native Palatable NA 0.88 ± 0.88 11.1 ± 4.35 2.05 ± 0.56 0.12 
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Table SM6. continued 

Species Life form Origin Palatability 
Mean cover  

(standard error) 
Mean cover  

(standard error) p value 

    Warren Control Warren Control  

Matuwa         

Senna artemisioides2 Perennial Native Unpalatable NA NA 4.38 ± 1.73 2.36 ± 1.59 0.08 

Triodia basedowii1 Perennial Native Unpalatable 34.55 ± 5.93 47.31 ± 2.73 NA NA 0.16 

         

Faure    Acacia    

Acacia ramulosa1 Perennial Native Palatable 22.86 ± 2.28 28.36 ± 2.38   0.09 

Acacia tetragonophylla1 Perennial Native Palatable 14.64 ± 4.45 18.8 ± 6.9   0.62 

Atriplex bunburyana1 Perennial Native Palatable 5.79 ± 2.28 5.75 ± 2.38   0.25 

Cenchrus ciliaris1 Perennial Non-native Palatable 3.05 ± 0.94 5.63 ± 2.37   0.99 

Ptilotus obovatus1 Perennial Native Palatable 14.64 ± 4.45 18.8 ± 6.9   0.05 

Sisymbrium orientale2 Annual Non-native Low 1.27 ± 0.19 0.54 ± 0.07   <0.01 
1 Top five most commonly recorded species at site 
2 Significantly associated with warrens 
3 Significantly associated with controls 
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Table SM7. Plant species recorded on only boodie warrens or controls at three sites, Yookamurra, Matuwa and Faure.  

Yookamurra Matuwa Faure 

Warren Control Warren Control Warren Control 

Crassula sieberiana Asperula sp. Acacia sp. 3 Acacia aneura var 
conifera 

Acacia sclerosperma Actinoble 
condensatum 

Eremophila glabra Bupleurum 
semicompositum 

Acacia 
tetragonophylla 

Acacia sp. 1 Asteraceae sp. 1 Aristida contorta 

Lepidium sp. Erodium crinitum Grass sp. 3 Acacia sp. 2 Asteraceae sp. 2 Duperreya sp. 

Olearia pimeleoides Eucalyptus gracilis Melaleuca interioris Eremophila sp. 2 Austrostipa 
elegantissima 

Euphorbia sp. 

Rhagodia spinescens Exocarpos aphyllus Proteaceae sp. 1 Grass sp. 1 Brassica tournefortii Nitraria billardierei 

Scaevola spinescens Goodenia pusilliflora Rhagodia eremaea Grass sp. 2 Bromus arenarius Solanum orbiculatum 

Sisymbrium 
erysimoides 

Grass sp. 2 Santalum 
lanceolatum 

Grevillea sp. 1 Scaevola tomentosa  

Sisymbrium sp. Hyalosperma 
semisterile 

 Pittosporum 
angustifolium 

Sida sp.  

Spergularia sp. Moraea setifolia  Templetonia egena Tribulus terrestris  

Stenopetalum sp. Pauridia glabella var. 
glabella 

    

Mallee sp. 2 Senna artemisioides 
filifolia 

    

Herb sp. 1 Senna sp.     

Mallee sp. 1 Silene apetala     

Grass sp. 1 Sp. 1     

 Sp. 2     

 Velleia arguta     

 Vittadinia 
megacephala 
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Table SM8. The mean NDVI values on boodie warrens at three sites, Yookamurra, Matuwa and Faure.  
 Warren Control 

Yookamurra   

Warren diameter -0.03 ± 0.02 -0.04 ± 0.02 

Warren diameter + 10 m buffer zone -0.03 ± 0.01 -0.04 ± 0.01 

Matuwa   

Warren diameter -0.12 ± 0.02 -0.13 ± 0.02 

Warren diameter + 10 m buffer zone -0.12 ± 0.01 -0.12 ± 0.01 

Faure   

Warren diameter -0.04 ± 0.02 -0.03 ± 0.02 

Warren diameter + 5 m buffer zone -0.03 ± 0.02 -0.03 ± 0.02 

 




