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Chapter 5 

Ecosystem engineering is not the only way in which digging mammals may influence ecosystem 

structure, function and health. In this Chapter, I explore the potential of digging mammals to 

disperse seeds via endozoochory, another important ecosystem function. In a preliminary study, 

conducted in partnership with Gabrielle Beca, we used captive woylies and quenda to show that seeds 

consumed by digging mammals can remain viable and germinate. Building upon these results, I 

collected scat samples from free-living animals to assess the performance of endozoochory by 

reintroduced digging mammals.  

 

This Chapter was accepted for publication by Wildlife Research in June 2021, after the initial 

submission of this thesis. The version included here was submitted to Wildlife Research in March 

2021 and may differ slightly from the final published version. The manuscript was reformatted for 

inclusion in this thesis. The preliminary study was published in Australian Mammalogy in 2020 

and a copy is provided as Appendix 3. 

 

 

Clockwise from top: Releasing a boodie (left) and a golden bandicoot (right) after trapping them 

to collect their scat; seeds extracted from digging mammal scat samples; seeds germinating. 

Photo credits: Bryony Palmer  
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Abstract 

Mammal-seed interactions are important for structuring vegetation communities across a diverse 

range of ecosystems worldwide. In Australia, mammals are typically considered to be seed predators 

and to play insignificant roles in seed dispersal. However, very few studies have investigated 

endozoochorous seed dispersal in Australian species. The translocation of Australian mammals for 

the purposes of ecosystem restoration is increasing. Digging mammals, i.e. species that dig to obtain 

food or create shelter, are commonly the focus of these translocations because they are considered 

to be ecosystem engineers but an understanding of their role in seed dispersal is lacking. We aimed 

to expand the understanding of endozoochory in Australian digging mammals by determining 

whether seeds consumed by select species remain viable and able to germinate. We collected scat 

samples from five digging mammal species, known to consume seeds or fruit, across nine sites in 

Western and South Australia. We searched the scat samples for seeds, identified the recovered seeds 

and then tested their viability and germination capacity. We found that the abundance of intact seeds 

in scats was generally low but 70% of the retrieved seeds appeared viable. Five species of seed 

germinated under laboratory conditions. These seeds were retrieved from bilby (Macrotis lagotis), 

boodie (Bettongia lesueur), golden bandicoot (Isoodon auratus) and quenda (I. fusciventer) scats. 

Seeds consumed by Australian digging mammals can remain viable and germinate, indicating that 

digging mammals play a more important role in seed dispersal than previously considered. Digging 

mammals have the potential to contribute to ecosystem restoration efforts through the dispersal of 

viable seeds but there is also a risk that non-native species could be dispersed. These costs and 

benefits should be considered by practitioners when planning reintroductions of digging mammals.  

 

Introduction 

Mammal-seed interactions are important for structuring vegetation communities across a diverse 

range of ecosystems worldwide (Farwig and Berens 2012). The consumption of seeds by mammals 

may result in either predation (when the seed is destroyed) or dispersal (when the seed remains 

viable) and, consequently, can be either detrimental or beneficial for plants (Torres et al. 2020). 

Mastication and exposure to stomach acids can damage seeds, leading to reduced germination and 

recruitment rates (Traveset et al. 2007). However, for seeds that survive passage through the 
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digestive tract, consumption by mammals confers several advantages. The removal of fruit pulp and 

scarification of the seed coat can increase germination capacity (Petre et al. 2015), and seeds may be 

dispersed further and to more favourable locations (Carlo et al. 2007).  

 

Australian non-volant mammals have long been associated with significant rates of seed removal 

(e.g. Auld and Denham 1999, Denham 2008, Mills et al. 2018), with most studies assuming that the 

removed seeds were predated. However, predation should not automatically be equated with seed 

removal as some seeds may be dispersed via caching or endozoochory (i.e. dispersal via ingestion by 

a vertebrate animal) (Hulme 2002). Australian mammals including boodies (Bettongia lesueur), 

woylies (B. penicillata) and musky rat-kangaroos (Hypsiprymnodon moschatus) are known to cache 

seeds, leading to increased dispersal and germination potential (Dennis 2003, Chapman 2015, 

Murphy et al. 2015). Limited research on endozoochory in Australian non-volant mammals also 

indicates that species such as woylies, Gilbert’s potoroo (Potorous gilbertii) and common brushtail 

possums (Trichosurus vulpecula) may pass viable seeds (Cochrane et al. 2005, Wotton and 

McAlpine 2015, Appendix 3 (Beca et al. 2020)). However, the role of most non-volant seed or fruit-

eating Australian mammals in seed dispersal through endozoochory is unknown.  

 

Digging mammals create shelter for other fauna and alter soil resources for plants and soil biota, and 

thus play significant roles in shaping ecosystems (Fleming et al. 2014, Mallen-Cooper et al. 2019). 

Seventy percent of Australia’s digging mammal species are threatened (Fleming et al. 2014), and the 

decline of these species is likely to have been accompanied by a loss of their roles within ecosystems, 

potentially contributing to ecosystem degradation (Valiente‐Banuet et al. 2014). Reintroductions of 

locally extinct species may help to enhance overall restoration efforts (Lipsey and Child 2007), and 

reintroductions of digging mammals to restore ecosystem functions are becoming more common 

(Chapter 2 (Palmer et al. 2020)). However, while the contributions of some of their digging activities 

to ecosystem function have received research attention (e.g. Garkaklis et al. 2003, Valentine et al. 

2018, Ross et al. 2020), the role of digging mammals in other ecosystem processes, such as herbivory 

and seed dispersal, is relatively unknown.  

 

Digging mammals may be important for seed dispersal dynamics as their diggings can trap seeds 

and provide favourable germination sites (James et al. 2010, Valentine et al. 2017). Their scats often 

contain viable, mycorrhizal fungi spores (Tay et al. 2018), which could lead to the beneficial co-

dispersal of seeds and fungal spores (Theimer and Gehring 2007) if their scats also contain viable 

seeds. Many Australian digging mammals, such as bilbies (Macrotis lagotis), boodies and 

bandicoots, consume fruit and seeds (Quin 1985, Gibson 2001, Bice and Moseby 2008), but little is 

known about endozoochory in this group. For some species, fruits and seeds are minor components 

in their diet (Thums et al. 2005, Zosky et al. 2017) but for other species, particularly bilbies, fruit and 

seeds can form the bulk of their diet in certain seasons (Gibson 2001, Southgate and Carthew 2006). 

Beca et al. (2020) (Appendix 3) found that seeds fed to captive digging mammals such as quenda 
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(Isoodon fusciventer) and woylies remain viable and can germinate; however, it is unknown whether 

seeds consumed by free-living individuals of these species will also maintain their ability to 

germinate. 

 

We aimed to expand the understanding of endozoochory in Australian digging mammals by 

examining the viability and germination capacity of seeds recovered from the scats of five species 

known to consume seeds or fruit (Bettongia penicillata, B. lesueur, Isoodon auratus, I. fusciventer 

and Macrotis lagotis). Our main focus was to determine whether these commonly-translocated 

mammals can disperse viable seeds capable of germinating, rather than to provide a comprehensive 

account of the seeds consumed by these species. Nonetheless, we were interested in the 

characteristics (species, size, fruit type) of the seeds recovered from their scats. Specifically, we 

sought to 1) provide observations on the extent to which our study species consume seeds, 2) 

determine the characteristics of the seeds that survive passage through the digestive tract of our 

study species, and 3) determine whether seeds consumed by our study species remain viable and 

able to germinate. 

 

Methods 

Study species and collection sites 

We collected scat samples from five digging mammal species known to consume fruit and/or seed: 

bilbies (Macrotis lagotis), boodies (Bettongia lesueur), golden bandicoots (Isoodon auratus), 

quenda (I. fusciventer) and woylies (B. penicillata). Samples were obtained from nine sites located 

across Western and South Australia (Figure 1). The sites ranged from a small urban reserve in the 

Mediterranean climate of the Swan Coastal Plain (Craigie Bushland) to remote ex-pastoral leases 

and islands in the arid zone of Western Australia (e.g. Matuwa-Kurrara Kurrara and Hermite Island). 

The sites have a range of historical uses but are now all managed primarily for conservation purposes 

and support extant and reintroduced populations of a variety of threatened mammal species.  

 

Scat collection 

Trapping was used to collect scat samples from individual animals. At Dryandra Woodland and 

Faure Island, we deployed 20 cage traps, spaced 200 m apart and baited with peanut butter and oats, 

for three nights in July (Dryandra Woodland) and September (Faure Island) 2019. Scat samples were 

collected from the base of traps occupied by the target species the following morning. Traps were 

cleaned and moved to a new location each day to facilitate the capture of a greater number of 

individuals.  

 

Existing monitoring programs were utilised to collect scat samples at the remaining study sites. 

Trapping methods involved various configurations of baited cage or aluminium box traps deployed  
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Figure 1. Scat samples were collected from five mammal species across nine sites in Western and 
South Australia on various dates throughout 2019.  
 

in fixed locations for three or four nights. Sample collection commenced 5 h after trap deployment 

at Yookamurra Sanctuary but was carried out the following morning at the remaining sites. Traps, 

and the ground beneath them, were cleaned between captures. Scat samples from all locations were 

air-dried and stored at room temperature until processed. 

 

Because bilbies rarely enter traps, their scat samples were also collected along walked transects by 

surveyors trained to identify them from the scats of other co-occurring species. Samples were 

collected from widely spaced locations, but it was impossible to determine whether they represent 

unique individuals. We aimed to collect fresh samples (i.e. those that were unbroken, moist, soft and 

shiny) and rejected any that appeared excessively aged or degraded.   

 

Scat processing 

The scats of our study species typically consist of varying numbers of faecal pellets.  For consistency, 

we randomly selected five pellets from twenty scat samples from each species and site combination 

for further analysis. For some species, at some sites, we obtained less than twenty samples containing 

five or more pellets. Where this was the case we selected the samples containing the largest number 

of pellets and used the entire sample for analysis if it contained less than five pellets (boodies – Alpha 

Island n = 11; bilbies – Mt Gibson Sanctuary n = 14; golden bandicoots – Hermite Island n = 10, 

Matuwa-Kurrara Kurrara n = 4). We only obtained seven samples for bilbies from Yookamurra 

Sanctuary, of which three had less than five pellets.  
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The scat samples were soaked in water for 1 to 2 hours until they reached a soft consistency. Each 

pellet was then transferred to a clean petri dish, gently teased apart and then mixed with a small 

amount of water until the pellet was spread across the dish in a thin layer. This dish was carefully 

examined for seeds using a dissecting microscope at 10 x magnification. All whole seeds were 

removed, thoroughly dried and then stored in plastic vials at room temperature until they could be 

identified. The seeds were identified, to species or genus where possible, using reference guides 

(Sweedman 2006, Erickson et al. 2016, South Australian Seed Conservation Centre 2018) and expert 

opinion, with reference to the site flora inventories. Seeds that could not be identified were separated 

into distinct morpho-groups. 

 

Seed viability and germination 

We determined whether the seeds were viable, i.e. still contained an embryo, using the x-ray 

technique from Erickson and Merritt (2016). Specifically, the seeds were x-rayed using a Faxitron 

MX-20 Digital X-Ray Cabinet (Tucson, Arizona, USA). Any seeds that appeared uniformly white or 

grey in the digital imagery, or for which the embryo was visible, were deemed viable. Seeds that 

appeared abnormal or hollow were determined to be non-viable.  

 

In a pilot study, the germination capacity of seeds retrieved from woylie scats collected from 

Dryandra Woodland in October 2018 was tested in a glasshouse by sowing the seeds onto potting 

mix and watering for 20 seconds, twice daily. Fungal contamination of the seeds was substantial and 

there was no germination after eight weeks. For the full study, therefore, we tested germination 

capacity in the laboratory where conditions could be more carefully controlled. Viable seeds were 

plated onto water agar (0.7% w/v) in 90 mm Petri dishes and incubated at 15°C with a 12:12 hour 

photoperiod (30 µmol m-2 s-1, 400-700 nm, cool-white fluorescent light). To reduce fungal and 

bacterial contaminants, seeds were rinsed in a 30 g L-1 bleach solution and then sterilised water prior 

to plating (Merritt 2006). We recorded the number of germinating seeds in each sample weekly for 

four weeks, and then once more 10 weeks after the commencement of the experiment. 

 

Results 

Seed occurrence, abundance and identification 

Seeds were found in the scats of all five mammals but not at all sites (Table 1). Overall, 23% of 

samples contained seeds, and seed abundance was generally low (median = 1 seed per sample, 

range = 0 – 78). Evidence of seed consumption was lowest for woylies and quenda (0-25% and 10-

25% of samples contained seeds, respectively; Table 1). Seeds were most frequently retrieved from 

golden bandicoot scat (40% of samples from all sites contained seeds) and the sample that contained 

the highest number of seeds was from a golden bandicoot at Matuwa-Kurrara Kurrara (Table 1). We  
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Table 1. Mean number of seeds and seed species found in the scats of five species of digging 
mammals at nine sites in Western and South Australia. Numbers in brackets are the range. Sample 
sizes for boodies, woylies, golden bandicoot and quenda at all sites were n = 20. Sample sizes for 
bilbies were n = 22 at Mt Gibson Sanctuary and n = 7 at Yookamurra Sanctuary. 

 

Samples 
with seed 

Seeds per 
sample, all 

samples 
Seeds per 

seeded sample 

Seed species 
per seeded 

sample Species and site No. % 

Boodie      
Alpha Island 5 25 0.5 (0-3) 1.8 (1-3) 1 (1) 
Faure Island 15 75 6.3 (0-47) 8.3 (1-47) 1.67 (1-3) 
Matuwa-Kurrara Kurrara 1 5 0.1 (0-1) 1 (1) 1 (1) 
Yookamurra Sanctuary 0 0 0 n/a n/a 
All sites 21 26    

Woylie      
Dryandra Woodland 0 0 0 n/a n/a 
Karakamia Sanctuary 5 25 1.0 (0-16) 4 (1-16) 1 (1) 

Mt Gibson Sanctuary 0 0 0 n/a n/a 
Yookamurra Sanctuary 2 10 0.2 (0-2) 1.5 (1-2) 1.5 (1-2) 
All sites 7 9    

Golden bandicoot      
Hermite Island 10 50 2.5 (0-16) 4.9 (1-16) 1.2 (1-2) 
Matuwa-Kurrara Kurrara 6 30 4.3 (0-78) 14.3 (1-78) 1 (1) 
All sites 16 40    

Quenda      
Craigie Bushland 2 10 0.3 (0-4) 2.5 (1-4) 2 (1-3) 
Karakamia Sanctuary 5 25 0.6 (0-6) 2.2 (1-6) 1.2 (1-2) 
All sites 7 18    

Bilby      
Mt Gibson Sanctuary 12 55 5.7 (0-37) 10.4 (1-37) 1.1 (1-2) 
Yookamurra Sanctuary 0 0 0 n/a n/a 
All sites 12 41    

 

recorded 38 types of seeds across all sites and mammal species, of which 23 were identified to family, 

genus or species level (Figure 2; Supplementary Material, Table SM1). The seeds ranged in size from 

0.5 to 5 mm (mean 2.6 ± 0.2 mm; Supplementary Material, Figure SM1). Most seeds (30/38) were 

3 mm or less, but the seed species found in the most samples (all from boodies from Faure Island), 

identified as Pimelea microcephala, was 5 mm. Almost all of the samples contained just one species 

of seed, but nine contained two species, and four contained three species. We recorded the largest 

number of species (n = 13) in boodie scats (Figure 2). Although bilbies had the second highest 

proportion of samples containing seeds, we recorded the fewest species (n = 5) in their scat 

(Figure 2). Two seed species, Cenchrus ciliaris and a Fabaceae species, were recorded in the scat of 

more than one mammal species; and two species, C. ciliaris and Cleome viscosa, were recorded in 

scats at more than one site (Supplementary Material, Table SM1). Of the seeds that were identified 

to at least family, most (14/23 species) were from shrubs. The remainder were herbs (four species), 

grasses (two species), trees (two species) and one species of unknown lifeform. Only four species, 

P. microcephala and three Solanum species, have fleshy fruits. The remainder have dry pods (e.g. 

Acacia spp.), capsules or nuts.  
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Figure 2. The number of seed species recovered from scat samples, and their overall abundance, 
varied considerably between mammal species and sites. No seeds were recovered in scat samples 
from bilbies or boodies at Yookamurra Sanctuary, or from woylies at Dryandra Woodland and Mt 
Gibson Sanctuary.   
 

Seed viability and germination rates 

Overall, 70% of the seeds recovered from the scats were viable and we recovered at least one viable 

seed from 23 of the 38 (60%) recorded seed species. However, viability varied widely for specific 

mammal-site combinations (Table 2). Extreme values tended to be recorded for mammal-site 

combinations for which only a small number of seeds were found; for example, only one, non-viable 

seed was recovered from boodie scats at Matuwa-Kurrara Kurrara.  

 

The mean germination capacity of the viable seeds recovered from the individual mammal-site 

combinations ranged between 0 and 65.3% (Table 2). Five species of seeds germinated during the 

experiment: P. microcephala (11 seeds, 15% of the viable seeds of that species), a Chenopodiaceae 

species (1 seed, 100%), a Solanum species (34 seeds, 97%), an Acacia species (11 seeds, 11%) and a 

Fabaceae species (1 seed, 6%) (Supplementary Material, Table SM1). These seeds came from the scats 

of four mammal species from four different sites: boodies from Faure Island, golden bandicoots from 

Hermite Island, bilbies from Mt Gibson Sanctuary, and quenda from Karakamia Sanctuary (Table 2). 

Germination occurred in 50% (2/4) of the species with fleshy fruits but in only 16% (3/19) of the 

species with dry fruits. 
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Table 2. Viability and germination rates of seeds found in the scats of five digging mammal species.  

 
Total 
seeds 
found 

Mean 
viability 

(% of seed 
found) 

Mean 
germination 

(% of all 
seed found) 

Mean 
germination 
(% of viable 

seed) 

Total 
number of 

seeds 
germinated 

Total 
number of 

species 
germinated Species and site 

Boodie       
Alpha Island 9 73.3 0 0 0 0 
Faure Island 125 64.9 15.9 22.1 12 2 
Matuwa-Kurrara Kurrara 1 0 0 0 0 0 

Woylie       
Karakamia Sanctuary 20 18.8 0 0 0 0 
Yookamurra Sanctuary 3 100 0 0 0 0 

Golden bandicoot       
Hermite Island 49 50 32.6 65.3 34 1 
Matuwa-Kurrara Kurrara 86 70 0 0 0 0 

Quenda       
Craigie Bushland 5 75 0 0 0 0 
Karakamia Sanctuary 11 55.6 16.7 25 1 1 

Bilby       
Mt Gibson Sanctuary 125 87.4 4.5 6.1 11 1 

 

 

Discussion 

The presence of viable seeds in the scats of the five mammal species in this study, and the 

germination of several species of those seeds, demonstrates that Australian digging mammals can 

disperse seeds via endozoochory and may play a more important role in seed dispersal dynamics 

than previously considered. By testing the germination capacity of the viable seeds in the laboratory 

where conditions can be controlled, we provide an estimate of the potential germination of seeds 

consumed by digging mammals. In natural settings, this potential may not be realised. For example, 

fungi in the soil, or co-dispersed in the scats (Zosky et al. 2017, Tay et al. 2018), may restrict seed 

germination, as occurred during our pilot study. We collected scat samples from each site at only one 

time point and, consequently, our results may have been influenced by seasonal variations in seed 

availability or the dietary preferences of our study species. The importance of endozoochory by 

digging mammals likely varies by season and location, but our results show that its occurrence is 

widespread and that further, more detailed investigations are warranted.  

 

Overall, the abundance of intact seeds in the scats was low but this varied considerably between 

mammal species, sites, and even individuals. The abundance of fruit and seed in the diet of our study 

species is likely to vary with fruit and seed availability relative to other food resources. Bice and 

Moseby (2008) found, for example, that bilbies and boodies vary the amount of seed in their diet in 

response to seasonal changes in its abundance. Similarly, we found eight species of seed, with an 

average of four seeds per sample, in woylie scats from Dryandra Woodland during our pilot study in 

October 2018 (G. Beca pers. obs.) but no seeds were found when we repeated the survey in July 2019 

(Table 1). Although the contribution of digging mammals to seed dispersal dynamics may be episodic 

or vary with location or season, endozoochorous dispersal during times of peak seed abundance may 
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be particularly important for reducing competition between establishing seedlings (Ballardi and 

Whelan 1986). In Australia’s arid zones, where the germination of many plant species may only occur 

after prolific seeding following episodic rainfall events (e.g. Wright et al. 2014), endozoochorous 

dispersal at these key times could enhance plant species’ chances of persistence and contribute to 

the maintenance of habitat quality.  

 

Fifty-eight seeds from five species (13% of all seeds found) germinated during the study period, 

demonstrating that seeds consumed by digging mammals can germinate. A further 238 seeds (55%) 

appeared to have remained viable and, most likely, dormant. The seeds of many Australian plants 

exhibit dormancy, which is a germination delaying mechanism that prevents recruitment when 

environmental conditions are conducive to germination but not favourable for seedling survival 

(Merritt et al. 2007). Although passage through the gut of an animal can break seed dormancy 

(Traveset and Verdú 2002), some seeds require germination cues such as smoke or suitable 

environmental temperature and moisture conditions before germination will occur (Merritt et al. 

2007). The seeds that remained un-germinated here may still be capable of germinating under the 

right conditions or with additional germination or dormancy breaking cues. 

 

We were unable to compare the viability and germination capacity of the seed species we recorded 

to unconsumed seeds from the same source, and hence how consumption affected their viability and 

germination capacity is unknown. Globally, seed consumption tends to increase germination 

capacity for species with fleshy fruits, but decrease it for seeds from dry fruits (Traveset and Verdú 

2002). Research on Australian species is limited but supports this finding. Cochrane et al. (2005) 

found that consumption by Gilbert’s potoroos (Potorous gilbertii) and quokka (Setonix brachyurusi) 

increased germination in the fleshy-fruited Billardiera fusiformis. Conversely, Beca et al. (2020) 

(Appendix 3) found that the germination of dry-fruited Acacia, Dodonaea and Gastrolobium seeds 

consumed by captive woylies and quenda was similar to, or significantly lower than, unconsumed 

seeds (although Gastrolobium seeds consumed by quenda had a significantly higher germination 

capacity than the controls). In our study, seeds with fleshy fruit were more likely to germinate than 

seeds with dry fruit, though the number of seeds with fleshy fruit was low. Thus, our results appear 

to reflect the pattern seen in previous studies and provide further evidence that the relationship 

between Australian mammals and seeds may be similar to the relationships seen internationally.  

 

Our study species consumed seeds from a wide range of plant types, including herbs, shrubs, trees 

and grasses, with a variety of fruit and seed types. Again, this indicates that omnivorous digging 

mammals are opportunistic consumers of fruits and seeds. The intact seeds we recovered from the 

scat samples were all between 0.5 and 5 mm in size. Large seeds are more likely to be destroyed by 

mastication (Traveset et al. 2007), and the largest seeds we retrieved may be at, or near, the 

maximum size able to be swallowed whole by our study species. Seeds smaller than 1 mm are 

probably too small to provide much nutritional benefit to the mammals in this study, and although 
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they may be consumed incidentally, were difficult to locate using our scat processing methods. 

Scatter-hoarding by some bettong species has been shown to increase germination capacity in large 

seeded plants (e.g. Santalum spicatum, seed size of 20 mm; Murphy et al. 2015), but our study 

indicates that endozoochory by bettongs, bandicoots and bilbies is probably most effective for plants 

with seeds smaller than 5 mm. 

 

Australian seed removal studies often assume that seed removal results in predation (Auld and 

Denham 1999, Gordon and Letnic 2016, Mills et al. 2018, Mills and Letnic 2018) but Auld et al. 

(2007) showed that nearly all of the seeds consumed by swamp wallabies (Wallabia bicolor), 

previously thought to be seed predators, remained viable after consumption. Similarly, Mills and 

Letnic (2018) assumed that Dodonaea viscosa seeds removed by woylies were predated, but in a 

captive trial Beca et al. (2020) (Appendix 3) showed that D. viscosa seeds consumed by woylies are 

able to germinate. We found that the abundance of intact seeds in the scat samples was generally 

low, possibly indicating that most seeds do not survive passage through the digestive tracts of 

bettongs, bandicoots and bilbies. We note, however, that this could also be because only small 

numbers of seeds were consumed. Even if predation does occur more often than endozoochory, the 

benefits of occasional dispersal of seeds to more favourable locations, such as the more fertile 

microsites offered by their foraging diggings (James et al. 2010) or sites at greater distances from 

the parent plant (Carlo et al. 2007), may help to offset the negative impacts of seed predation by 

digging mammals.  

 

Many digging mammal species are extinct or endangered, and reintroductions are commonly used 

to improve their conservation status (Burbidge et al. 2014). Digging mammal reintroductions are 

increasingly incorporating goals relating to ecosystem restoration (Chapter 2 (Palmer et al. 2020)), 

and our results show that bettongs, bandicoots and bilbies may be able to contribute to these goals 

through the dispersal of plant seeds. Beca et al. (2020) (Appendix 3) demonstrated that 

reintroductions could result in the dispersal of seeds from the source to the release site. This may be 

beneficial, for example, by re-establishing genetic flow between fragmented plant populations, or 

detrimental if there are plant species at the source site that are not desired at the release site. We 

recorded a small number of buffel grass (Cenchrus ciliaris) seeds in the scats of golden bandicoots 

from Hermite Island and boodies from Faure Island, two of the three study sites where buffel grass 

occurs. Although these seeds did not appear viable and did not germinate, buffel grass is a highly 

invasive environmental weed (Marshall et al. 2012) and, as such, the potential for its endozoochorous 

dispersal during translocations warrants further attention.   

 

Australian mammals have typically been considered as seed predators (e.g. Mills et al. 2018), and 

their role in seed dispersal insignificant (Morton 1985). However, the results of this study show that 

bettongs, bandicoots and bilbies are likely to contribute to seed dispersal via endozoochory. There is 

clearly a need to more fully elucidate the importance of these, and other Australian mammals, in 
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seed dispersal dynamics. Examinations of the seasonal differences in seed consumption, which plant 

species have seeds that remain able to germinate after consumption and studies comparing the 

germination of consumed and unconsumed seeds are all warranted. 
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Supplementary Material 1  

 

 
Figure SM1. A histogram of the size of the seed species recorded in the scat of five digging mammal species. Seeds were measured to the nearest 0.5 
mm.  
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Table SM1. The characteristics, abundance, viability and germination capacity of seeds extracted from the scats of five species of free-living digging 
mammals. 

Mammal species and site Seed Species 
Size 
(mm) Fruit type 

Plant life 
form 

Number 
of 

samples 
Number of 

seeds found 
Number of 

seeds viable 

Number of 
seeds 

germinated 

Boodie         

Alpha Island Cleome viscosad 1.5 Pod Herb 4 8 7 0 
 Corchorus walcottii 2.5 Dry fruit Shrub 1 1 0 0 

Faure Island Cenchrus ciliarisad 3 Grain Grass 2 2 0 0 
 Chenopodiaceae sp. 1 1.5 Nut Shrub 1 1 1 1 
 Dysphania sp. 1 1.5 Nut Herb 1 19 0 0 

 
Pimelea 
microcephala 5 Fleshy fruit Shrub 9 79 76 11 

 Solanum sp. 1 3 Fleshy fruit Shrub 4 13 1 0 
 Unknown sp. 1 0.5 Unknown Unknown 1 1 1 0 
 Unknown sp. 2 1.5 Unknown Unknown 2 3 2 0 
 Unknown sp. 3 1.5 Unknown Unknown 2 2 1 0 
 Unknown sp. 4 1 Unknown Unknown 1 1 0 0 
 Unknown sp. 5 1.5 Unknown Unknown 1 1 0 0 
 Unknown sp. 20 2 Unknown Unknown 1 3 2 0 
Matuwa-Kurrara Kurrara Cleome viscosad 1.5 Pod Herb 1 1 0 0 

Woylie         
Karakamia Sanctuary Fabaceae sp. 1e 3 Pod Unknown 1 16 15 0 
 Poaceae sp. 3 3.5 Pod Shrub 1 1 0 0 
 Unknown sp. 6 1.5 Unknown Unknown 1 1 0 0 
 Unknown sp. 7 1.5 Unknown Unknown 1 1 0 0 
Yookamurra Sanctuary Poaceae sp. 4 5 Grain Shrub 1 1 1 0 
 Unknown sp. 12 1.5 Unknown Unknown 1 1 1 0 

 Unknown sp. 13 1 Unknown Unknown 1 1 1 0 
Golden bandicoot         
Hermite Island Cenchrus ciliarisad 3 Grain Grass 5 10 0 0 
 Cymbopogon sp. 3 Grain Grass 2 3 0 0 
 Poaceae sp. 2 3 Pod Shrub 1 1 0 0 
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Table SM1. continued 

Mammal species and site Seed Species 
Size 
(mm) Fruit type 

Plant life 
form 

Number 
of 

samples 
Number of 

seeds found 
Number of 

seeds viable 

Number of 
seeds 

germinated 

Golden Bandicoot         
Hermite Island Solanum sp. 3 3 Fleshy fruit Shrub 4 35 35 34 
Matuwa-Kurrara Kurrara Unknown sp. 10 4.5 Unknown Unknown 2 1 1 0 

 Unknown sp. 11 2.5 Unknown Unknown 4 84 39 0 
Quenda         
Craigie Bushland Eucalyptus sp. 1 2.5 Capsule Tree 1 2 2 0 
 Hibbertia sp. 1 4 Capsule Shrub 1 1 1 0 
 Ptilotus sp. 1 5 Utricle Shrub 1 1 1 0 
 Unknown sp. 14 2 Unknown Unknown 1 1 1 0 
Karakamia Sanctuary Asteraceae sp. 1 3 Grain Herb or Shrub 1 1 0 0 

 Fabaceae sp. 1e 3 Pod Unknown 1 1 1 1 
 Hemiandra sp. 1 3 Nut Shrub 1 1 1 0 
 Unknown sp. 8 4 Unknown Unknown 2 7 3 0 
 Unknown sp. 21 2 Unknown Unknown 1 1 0 0 
Bilby         
Mt Gibson Sanctuary Acacia sp. 1 3 Pod Shrub 8 118 99 11 

 Convolvulaceae sp. 1b  5 Capsule Herb 1 1 0 0 
 Darwinia sp. 1 3 Nut Shrub 2 1 0 0 
 Myrtaceae sp. 1c  1 Capsule Tree 1 3 3 0 
 Solanum sp. 2 2.5 Fleshy fruit Shrub 1 1 0 0 

a Non-native species 
b possibly Duperreya sp. 
c Eucalyptus or Melaleuca sp. 
d Species recorded at more than one site 
e Species recorded in the scat of more than one mammal species 
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Chapter 6 

The restoration of ecosystems requires change to occur over relatively large spatial scales. In this 

Chapter I assess whether the micro-scale ecosystem engineering effects of digging mammals 

(i.e. their foraging diggings and warrens) can accumulate to effect change at a landscape-scale 

(i.e. between areas with and without reintroduced digging mammals. The methods used in Chapters 

3 and 4 were applied, adapted and extended into a format suited to assessing landscape-scale 

differences. This Chapter rounds out my investigation of the potential for reintroduced digging 

mammals to contribute to ecosystem restoration. 

 

This Chapter was prepared for submission to Landscape Ecology but has been formatted for 

inclusion in this thesis.  

 

 

 

Matuwa from the air. On the left of the fence is the area supporting reintroduced mammals, on the 

right of the fence digging mammals are not present.  

Photo credit: Bryony Palmer 
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Reintroduced digging mammals reverse ecosystem 

degradation at landscape scales 

Bryony J. Palmer, Leonie E. Valentine, Cheryl A. Lohr, Stanley Mastrantonis, Gergana N. 

Daskalova, Richard J. Hobbs 

 

Abstract 

Reintroducing fauna can simultaneously reduce the extinction risk of the focal species and restore 

their ecosystem functions. In Australia, many mammal species that dig to obtain food or to create 

shelter have declined and these species are often the focus of reintroduction programs. Their 

foraging diggings and burrows alter soil properties and support higher abundances of seedlings at 

the scale of the disturbance. Whether these micro-scale changes accumulate to cause landscape-scale 

change remains largely unknown, restricting our understanding of their contributions to ecosystem 

restoration. We aimed to determine whether changes caused by the micro-scale disturbances of 

reintroduced digging mammals result in detectable differences to soil and vegetation properties at 

landscape-scales. At two digging mammal reintroduction sites, we examined soil properties between 

foraging diggings and undisturbed ground (micro-scale, approximately 50 cm2), and between areas 

with and without reintroduced digging mammals (landscape-scale, approximately 1100 ha). We also 

examined vegetation properties at the landscape-scale using both transect-based and aerial survey 

methods. Soil compaction was significantly lower at both the micro- and landscape-scales, but 

increased soil nutrients in foraging diggings (micro-scale) were rarely matched with differences in 

soil nutrients at the landscape-scale. Vegetation was less aggregated and had greater cover in three 

of four habitats where reintroduced digging mammals were present. However, vegetation species 

composition, richness and productivity did not differ between areas with and without reintroduced 

digging mammals. Together our results show that reintroduced digging mammals can reverse some 

types of landscape-scale ecosystem degradation and could contribute to ecosystem restoration 

programs.  

 

Introduction 

Widespread, ongoing habitat degradation and loss of native fauna are major environmental issues 

(Rands et al. 2010, Maxwell et al. 2016). Habitat degradation is a leading cause of fauna extinction 

and decline (Dirzo et al. 2014), but faunal extinctions can also compound ecosystem degradation 

through the loss of species interactions that contribute to ecosystem functioning (Valiente‐Banuet et 

al. 2014). For example, the loss of vertebrate species from tropical forests can lead to severe declines 
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in plant recruitment and community diversity due to changes in processes such as seed dispersal and 

herbivory (Kurten 2013). Returning lost species to ecosystems through translocations could enhance 

restoration efforts, especially if those species have important ecosystem functions (Lipsey and Child 

2007), but the contributions of individual species to landscape-scale ecosystem processes are often 

unknown. 

 

Reintroductions can simultaneously reduce extinction risk and restore the ecosystem functions of 

the focal species (Polak and Saltz 2011). Historically, most reintroductions have focused on reducing 

species extinction risk (Fischer and Lindenmayer 2000), while monitoring and evaluation of their 

impacts on the receiving ecosystem has been minimal (Armstrong and Seddon 2008, Taylor et al. 

2017). More recently, recognition of the importance of restoring species’ functional roles has 

increased the use of reintroductions for ecosystem restoration purposes (Chapter 2 (Palmer et al. 

2020)). For example, wolves (Canis lupis) were reintroduced to Yellowstone National Park to 

reinstate the historic trophic structure (Ripple and Beschta 2003, Halofsky et al. 2008, Beschta and 

Ripple 2009) and European beavers (Castor fiber) were reintroduced to Scotland to restore wetland 

habitats (Law et al. 2017). In Australia, more than seventy percent of digging mammal 

reintroductions now include goals for restoring the ecosystem functions of the focal species 

(Chapter 2 (Palmer et al. 2020)). To assess existing conservation efforts and chart future directions 

for ecosystem restoration, we need to understand the landscape-scale impacts of reintroducing 

digging mammals.  

 

Australia’s arid and semi-arid zones have undergone dramatic changes in the past 200 years, 

primarily through the introduction of pastoralism and the suppression of traditional burning 

practices (Letnic 2000). The vegetation of these zones, like similar arid and semi-arid regions 

worldwide, often has a distinct spatial organisation consisting of resource-rich, vegetated patches 

separated by more open, resource-poor areas (Ludwig and Tongway 1995). This patterning occurs 

when vegetation establishes around obstacles that trap and concentrate moisture and nutrients 

washed or blown from more open areas. In Australia, over-grazing, soil compaction and erosion 

caused by stock animals has led to the intensification of this type of vegetation patch structure 

(Tongway et al. 2003). Restoration attempts in degraded systems include the creation of “micro-

catchments” designed to trap water and promote plant establishment in run-off zones (Whisenant 

et al. 1995). These management actions are expensive and difficult to implement across large areas, 

and the reintroduction of digging mammals, which create numerous small diggings while foraging, 

has been proposed as an alternative restoration technique (Manning et al. 2015). However, most 

studies on the effect of reintroducing digging mammals have been conducted at a micro-scale 

(< 5 m2; Coggan et al. 2018), restricting our ability to predict their potential contribution to 

ecosystem restoration. 

 



Chapter U 

143 

Reintroductions of Australian threatened mammals sometimes occur into large (>1000 ha) fenced 

areas designed to exclude introduced mammalian predators (Legge et al. 2018). These fenced areas 

provide an opportunity to study the landscape-scale effects of the presence or absence of threatened 

mammals in adjacent areas. Some fenced populations have persisted for more than 10 years, 

potentially allowing landscape-scale effects of the reintroductions to become measurable and 

apparent. However, studying landscape-scale changes, particularly those with non-human drivers, 

has long been a challenge for ecologists (Levin 1992) because of the trade-off between collecting data 

over large extents and the fine spatial scale needed to detect patchy differences. Ground-based 

surveys are labour and time intensive, usually limited in spatial extent and it is rarely appropriate to 

extrapolate the results to entire landscapes (Tay et al. 2018). Satellite imagery allows relatively fine-

scale assessments of large areas with nominal resolutions of between 10 and 500 m, but these 

resolutions are too coarse to characterise vegetation patterns at very fine spatial scales (Cruzan et al. 

2016), which may be necessary when attempting to monitor the impacts of reintroduced fauna. 

Fortunately, data collected by remotely piloted vehicles (drones) can bridge the gap between ground- 

and satellite-based surveys by providing very high resolution aerial imagery over comparatively large 

spatial extents (Cunliffe et al. 2016).  

 

In this study, we sought to assess the potential for digging mammals reintroduced to fenced areas to 

contribute to landscape-scale restoration efforts in Australia. We predicted that (1) reintroduced 

digging mammal populations within fenced areas would disturb significantly more ground than 

extant digging mammal communities, which include the non-native European rabbit (Oryctolagus 

cuniculus), outside fenced areas. We expected that (2) soil moisture, compaction and nutrient 

contents would be altered in foraging diggings (micro-scale) and predicted that (3) these alterations 

would be reflected in differences in the same soil properties at landscape-scales between fenced and 

unfenced areas. We also predicted that (4) vegetation species composition, abundance, and 

productivity would be increased, and spatial patterning altered, in fenced areas due to the changes 

to the soils caused by the construction of foraging diggings and burrows, and the increased 

germination of seeds trapped by foraging diggings.  

 

To test our four main predictions, we conducted replicate surveys inside and outside fenced areas at 

two geographically distinct locations where digging mammal reintroductions have taken place. We 

used transect-based surveys to assess the extent of ground disturbed by the foraging activities of the 

reintroduced mammals (prediction 1), to sample soils at micro- and landscape-scales (predictions 2 

and 3), and to assess vegetation cover, species richness and composition (prediction 4). We used 

aerial images collected by a drone to assess the extent of ground disturbed by the reintroduced 

mammals’ burrowing activity (prediction 1) and to further assess vegetation cover, as well as 

vegetation productivity and spatial arrangement – specifically the aggregation, clumpiness, mean 

patch size and Euclidean nearest neighbour distances of vegetation patches (prediction 4). We also 
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assessed the utility of data collected by drones to investigate vegetation change in response to faunal 

reintroductions. 

 

Methods 

Study sites 

We conducted our study at two locations, both with 1100 ha predator-free fenced areas supporting 

well-established populations of several digging mammal species: Matuwa-Kurarra Kurarra 

Indigenous Protected Area (“Matuwa”) and Yookamurra Wildlife Sanctuary (“Yookamurra”) 

(Figure 1). Both locations are former pastoral leases but are now managed for conservation and 

cultural purposes. Digging mammal reintroductions commenced in 1991 at Yookamurra and 2010 at 

Matuwa (Figure 1).  

 

Matuwa (-26.199°, 121.360°) is located in the Goldfields region of Western Australia and has an arid 

climate, with a mean annual rainfall of approximately 260 mm that falls mostly in summer. The 

major habitats of the fenced area, and its surrounds, are spinifex (Triodia spp.) dominated 

sandplains (“spinifex”) and acacia shrublands on calcareous soils (“acacia”). Matuwa was first 

established as a pastoral lease, then known as Lorna Glen, in the 1920s and was continuously stocked 

with sheep and cattle until it was purchased by the Western Australian government in 2000. Heavy 

grazing impacts are restricted to water points and holding yards, and the majority of the property is 

considered to be in fair to good rangeland condition. The property was destocked and most 

waterpoints turned off in 2002. Matuwa was returned to the Wiluna-based Martu community, the 

traditional custodians of that country, following a native title designation and has since been 

managed jointly by the Western Australian government and the Martu community (Tran and 

Langford 2015). As well as the reintroduced digging species, Matuwa also supports populations of 

short-beaked echidna (Tachyglossus aculeatus) and rabbits both inside and outside the fenced area. 

 

Yookamurra (-34.519°, 139.458°) is located in the Murraylands of South Australia and has a semi-

arid climate, with a mean annual rainfall of 270 mm that falls mostly in winter. The major habitats 

of the fenced area, and its surrounds, are eucalypt mallee woodlands on sandy soils (“mallee”) and 

Myoporum platycarpum shrublands on calcareous soils (“myoporum”). Pastoral activity 

commenced in the area around Yookamurra in the 1860s. Although it was grazed by sheep for 60-70 

years, Yookamurra supports some of the best stands of old-growth mallee woodlands in the region 

and the property was converted into a wildlife sanctuary in the 1980s. As well as the reintroduced 

digging species, Yookamurra also supports populations of southern hairy-nosed wombats 

(Lasiorhinus latifrons), short-beaked echidna and rabbits (outside the fenced area only).  
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Figure 1. We assessed landscape-scale changes as a results of fauna reintroductions to two locations 
with different reintroduction histories, Matuwa and Yookamurra. Panel a) shows the location of each 
property within Australia and photographs of the major habitat types, from left to right: spinifex 
(blue border) and acacia (yellow) habitats at Matuwa, and myoporum (purple) and mallee (teal) 
habitats at Yookamurra. Panels b) and c) show a portion of each property with the fenced areas 
supporting digging mammals marked with hashed lines, the study sites shown as black circles and 
habitat types depicted in the colours of the borders around the photos in Panel a). Panels b) and c) 
also show timelines (not to scale) of the management and reintroduction history of each property 
with the year of each species’ successful reintroduction denoted by their image, and the density 
(individuals ha-1) of the reintroduced species in 2018/9. The reintroduced species are: B.l. – 
Bettongia lesueur, B.p. – B. penicillata, I.a. – Isoodon auratus, M.l. – Macrotis lagotis and M.f. – 
Myrmecobius fasciatus.  
 

Our study compared soil properties at two scales – between foraging diggings and undisturbed 

ground (micro-scale, approximately 50 cm2), and between landscapes with and without reintroduced 

mammals (landscape-scale, approximately 1100 ha). We assessed soils and vegetation at 28 study 

sites at each location (Figure 1b, c). The study sites were stratified by habitat (spinifex and acacia at 

Matuwa, mallee and myoporum at Yookamurra) and landscape (inside and outside the fenced areas). 

A 50 m transect at the centre of each study site was used to estimate the area disturbed by the 

foraging diggings of digging mammals, assess soil properties, identify plant species, and estimate 

vegetation cover below 1.2 m (Figure 2). The area disturbed by the burrows and warrens of digging 

mammals, and vegetation productivity, canopy cover and spatial arrangement were quantified from 

the aerial imagery collected over a circular area of 80 m radius at the centre of each study site 

(Figure 2). 
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Figure 2. Our study design tested the effects of reintroducing digging mammals at micro- and 
landscape-scales. We compared soil properties at two scales – between foraging diggings and 
undisturbed ground (micro-scale), and between landscapes with and without reintroduced 
mammals (landscape-scale) and vegetation properties at the landscape-scale. Our study design 
consisted of 28 sites (14 inside and 14 outside the fenced areas supporting reintroduced digging 
mammal species) at which we collected aerial imagery, and surveyed vegetation and soil properties. 
 

Transect-based surveys 

We conducted our transect-based surveys in August 2018 at Yookamurra and in March 2019 at 

Matuwa. To estimate the density (digs ha-1) and area disturbed (m2 ha-1) by foraging diggings, we 

measured the combined surface area of the pit and spoil pile of foraging diggings created by digging 

mammals located within 1 m either side of the transect lines. We included foraging diggings created 

by both reintroduced and extant mammal species.  

 

To compare the soil properties of foraging diggings and undisturbed ground, we randomly selected 

ten foraging diggings along the transects of the study sites located inside the fenced areas (Figure 2). 

Soil samples, to a depth of 10 cm, were collected from three microsites at each foraging digging: the 

pit, the spoil pile and an undisturbed “control” located ~50 cm from the digging. The soil samples 

from each microsite were then bulked per transect. The digging microsites (pits and spoils) were kept 

separate for Matuwa but were further bulked together for each transect at Yookamurra to give final 

sample sizes for the soil surveys of 14 pits, 14 spoils and 14 controls at Matuwa; and 14 diggings and 

14 controls at Yookamurra. The CSBP Soil and Plant Laboratory conducted standard tests for 

ammonium nitrogen (mg kg-1), nitrate nitrogen (mg kg-1), total carbon (%), phosphorus (mg kg-1) and 

pH (CSBP Lab 2019). The soil moisture (%) of each microsite was tested to a depth of 10 cm using a 

Hydrosense II soil moisture reader. A high abundance of small calcrete nodules in the soils of the 
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acacia habitat at Matuwa blocked the insertion of the moisture reader and soil moisture 

measurements were not collected for that habitat type. Soil compaction (kg cm-2) of each microsite 

was measured using a Geotester pocket penetrometer. The mean soil moisture and compaction 

values of each microsite were used for analyses in order to match the level of detail analysed for the 

soil nutrients.   

 

To compare the soil properties between landscapes inside and outside the fenced areas, we repeated 

the same soil nutrient, moisture and compaction assessments at ten randomly selected, undisturbed 

locations along the transects located outside the fenced areas (Figure 2). The scarcity of mammal 

diggings in our study sites located outside the fenced areas (Figure 3) prevented us from also 

including microsites located on foraging diggings (i.e. pits and spoils). We compared the site means 

of each soil property from the outside sites to the site means of the inside sites (n = 14 at each 

location; pit, spoil and control microsites were combined to give one mean value per site for the 

inside sites for these comparisons).  

 

To compare vegetation species richness, composition and cover between landscapes inside and 

outside the fenced areas, we assessed vegetation in 50 x 50 cm quadrats placed every metre along 

the transects (i.e. 50 quadrats per site; Figure 2). Plants present within each quadrat were identified 

to species or genus, and the percent of the quadrat covered by vegetation below 1.2 m was estimated 

to the nearest percent. Species that had a total cover estimate of less than 1% were assigned a value 

of 0.5% for analysis. Vegetation cover estimates were conducted by the same expert observer (BJP) 

at both locations.  

 

Aerial surveys 

Aerial surveys were conducted in April 2019 at Yookamurra and in October 2019 at Matuwa. Aerial 

imagery was collected by a DJI Phantom 4 Pro V2.0 drone flown at 5 m sec-1 at a height of 50 m 

above the take-off point. True-colour images were collected so that there was an 80% forward and 

lateral overlap between images. This resulted in images with a resolution of 0.014×0.014 m pixel-1. 

The drone was also equipped with a Sentera High Precision NDVI Single sensor, which collected 

near-infrared and red images every two seconds. These images had a resolution of 0.05×0.05 m 

pixel-1. Fifty percent of the sites were surveyed within two hours of solar noon, and all were completed 

within four hours of solar noon. Weather and light conditions during the aerial surveys ranged from 

complete cloud cover to clear, sunny skies at Yookamurra, and were consistently clear and sunny at 

Matuwa. Orthomosaics and digital elevation models were generated from the true-colour and near-

infrared images for each plot in Agisoft Metashape Professional version 1.6.2. 

 

To estimate the density (warrens ha-1) and area disturbed (m2 ha-1) by warrens and burrows of 

digging mammals, we used the true-colour orthomosaics clipped to the dimensions of our study sites 
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(80 m radius). We identified warrens and burrows visible in the orthomosaics by manually searching 

the images for the mounds of different coloured soil and the shadows cast by burrow entrances that 

distinguish burrows and warrens from undisturbed ground (Supplementary Material 1). Four 

(Matuwa) and thirteen (Yookamurra) warrens and undisturbed areas were subsequently ground-

truthed to verify our ability to accurately identify warrens from the orthomosaics. We manually 

outlined each burrow or warren in the orthomosaics to create polygons which were used calculate 

the area of each study site disturbed by burrows and warrens.  

 

To assess vegetation productivity, we generated normalised difference vegetation index (NDVI) 

values for the near-infrared imagery according the methods described in Chapter 4 (Palmer et al. 

2021). The orthomosaics were converted to raster files, the near-infrared and red bands separated, 

normalised difference vegetation index (NDVI) values calculated for each pixel and a new raster file 

containing the NDVI values for each pixel generated. A k-means unsupervised classification was used 

to spatially separate the vegetated pixels in the NDVI layers using the unsuperClass function in 

RStoolbox version 0.2.6 for R Statistical Software (Leutner et al. 2019). The unsupervised 

classification was appropriate for use on the singular and coarser resolution NDVI layers (Louargant 

et al. 2018), and successfully delineated the vegetated and non-vegetated pixels. Geometries 

containing only the vegetated pixels were used for assessing the difference in the NDVI values 

between sites inside and outside the fenced areas. 

 

To assess vegetation cover and spatial patterning we classified the clipped true-colour orthomosaics 

into vegetated and non-vegetated pixels. We found that the raw orthomosaics generated highly-

speckled classified rasters in which individual leaves, branches and small canopy gaps were 

delineated. The results from analyses of these rasters reflected the grouping of the vegetated pixels 

into small segments of plants, rather than whole plants or groups of plants which was the scale of 

interest. To rectify this, we performed a five-step smoothing and classification process to generate 

the raster files used for analysis. First, image segmentation was used to group adjacent pixels with 

similar spectral characteristics using Python 2.7 (Rossum 1995). Next, the red-green-blue (RGB) 

bands for each orthomosaic were normalised by subtracting the mean of each band from the value 

of each pixel and dividing by the standard deviation. Then, via visual assessment, a training data set 

was created by outlining polygons containing solely vegetated or non-vegetated pixels. Training 

geometries were generated for one orthomosaic from each site, habitat and landscape (i.e. inside or 

outside the fenced area) combination. We then applied a supervised random forest classifier from 

the caret package for R Statistical Software (Kuhn 2020), utilising the training geometries, to classify 

the remaining segmented orthomosaics into rasters of vegetated and non-vegetated pixels. Finally, 

an image convolution using modal function with a moving window of 21 x 21 pixels was applied to 

the classified rasters to ‘smooth’ pixels in local neighbourhoods or that may have been otherwise 

erroneously classified. The final outputs more accurately reflected the grouping of vegetated pixels 

into individual or groups of plants. 
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We used the landscapemetrics package (version 1.5.3) for R Statistical Software (Hesselbarth et al. 

2019) to calculate various fragmentation metrics for each site: area (in m2) and percentage of each 

site covered by vegetated and non-vegetated pixels, contagion index and the Euclidean nearest 

neighbour (ENN) distance distribution. The contagion index measures both the dispersion (i.e. the 

spatial distribution of a patch type) and the interspersion (i.e. the intermixing of units of different 

patch types) within a landscape. Contagion index values range between 0, indicating landscapes with 

many small and dispersed patches, and 100, indicating landscapes with a few large and contiguous 

patches. The ENN distance distribution provides a measure of the evenness in which patches are 

distributed across the landscape. A small standard deviation in the ENN relative to its mean indicates 

that patches are distributed uniformly across the landscape, while a large standard deviation relative 

to the mean indicates that patches are distributed more irregularly. 

 

Statistical analyses 

We conducted all analyses in R Statistical Software (version 3.6.2; R Core Team 2019) and modelled 

data from Yookamurra and Matuwa separately, because, due to their large geographic separation, 

we expected them to differ. We used linear models (LMs) with a Gaussian distribution to test for 

differences in the area disturbed by foraging diggings and warrens between the landscapes inside 

and outside the fenced areas. We used generalised linear models (GLMs) with a Poisson distribution 

to test for differences in the number of foraging diggings and warrens between the landscapes inside 

and outside the fenced areas. We examined overall differences in soil properties (using the site means 

for each microsite) using non-metric multidimensional scaling (nMDS) and assessed the significance 

using permutational multivariate analysis of variance (vegan, version 2.5-6; Oksanen et al. 2019). 

We used linear mixed-effect models (LMMs), from lme4 version 1.1-21 (Bates et al. 2015) to test for 

differences in individual soil properties between the microsites and between the landscapes inside 

and outside the fenced areas, using a Gaussian distribution. We used habitat and the interaction 

between habitat and either microsite or landscape as secondary explanatory variables and 

incorporated study site as a random effect (to account for the ten replicates along each transect). The 

soil compaction and nutrient data were log-transformed to meet the model assumptions. For all soil 

properties, significant differences between microsites or landscapes (at p < 0.05) were determined 

by performing pairwise comparisons in emmeans (version 1.4.3.01; Lenth 2019).  

 

We assessed vegetation properties at the landscape-scale by comparing sites inside and outside the 

fenced areas supporting the reintroduced digging mammal populations. We used non-metric 

multidimensional scaling (nMDS) with significance assessed using permutational multivariate 

analysis of variance to examine overall differences in vegetation species composition. We used a 

generalised linear mixed-effect model (GLMM) with a negative binomial distribution to assess 

transect-based vegetation cover and incorporated study site as a random effect to account for the 50 
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quadrat replicates along each transect. We used a GLM with a Poisson distribution to compare the 

total site vegetation species richness. To assess the estimates of vegetation cover from aerial imagery, 

we used LMs with a Gaussian distribution using the total value for each site. We used LMs with 

Gaussian distributions to compare the mean site values for productivity, contagion, patch area and 

ENN distance. We log-transformed the patch area values to meet the model assumptions. For all 

vegetation properties, significant differences between landscapes (at p < 0.05) were determined by 

performing pairwise comparisons in emmeans (Lenth 2019). 

 

Results 

Area of soil disturbance 

The area disturbed by reintroduced mammals inside the fenced areas was greater than the area 

disturbed by extant species present outside the fenced areas. Inside transects had 7 to 43 times as 

many foraging diggings and 15 to 35 times as large an area disturbed by foraging diggings than 

outside transects (Figure 3; Supplementary Material 2, Table SM1). The inside sites also had a 

greater number of warrens per hectare and area covered by warrens than the outside sites in both 

habitats at Yookamurra and in the acacia habitat at Matuwa, but the differences were not significant 

(Figure 3; Supplementary Material 2, Table SM1). Although there were no warrens located in our 

study plots in the spinifex habitat at Matuwa, previous studies have recorded them in this habitat 

type (Chapter 4 (Palmer et al. 2021)).  

 

Soil properties at the microsite-scale 

Overall, the soils of the digging microsites (i.e. the pits and spoils) were significantly different to the 

undisturbed soils both inside and outside the fenced areas in the myoporum habitat at Yookamurra 

and in the acacia and spinifex habitats at Matuwa (Figure 4; Supplementary Material 2, Table SM2). 

There were many differences in individual soil variables between microsites at both Yookamurra and 

Matuwa. Compaction levels in the inside controls were at least double that of the pits in the 

myoporum, acacia and spinifex habitats, and the spoils in all habitats (p < 0.001 for all tests; 

Figure 5). At Yookamurra, the concentrations of all measured nutrients were 1.1 – 2.5 times greater 

in the diggings than the inside controls in the myoporum habitat, but the only difference between 

the microsites in the mallee habitat was that phosphorus was significantly lower in the diggings than 

the inside controls (Figure 5; Supplementary Material 2, Table SM4). At Matuwa, ammonium 

nitrogen, nitrate nitrogen and carbon were 1.7 – 4.2 times greater in the pits and 1.4 – 2.5 times 

greater in the spoils than in the inside controls in the acacia habitat (Figure 5; Supplementary 

Material 2, Table SM4). In the spinifex habitat, the only difference in soil nutrients was that 

ammonium nitrogen was significantly higher in the pits and spoils than the inside controls (Figure 5; 

Supplementary Material 2, Table SM4).  
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Figure 3. At both Matuwa, a) acacia habitat and b) spinifex habitat, and Yookamurra, c) mallee 
habitat and d) myoporum habitat, foraging diggings covered a significantly greater area in the 
landscapes inside the fenced areas supporting reintroduced digging mammals, but the area 
disturbed by warrens did not differ. No warrens were recorded in the spinifex habitat at Matuwa. 
Letters above the bars indicate significant differences at p < 0.05.  
 

 

Figure 4. At both Matuwa, a) acacia habitat and b) spinifex habitat, and Yookamurra, c) mallee 
habitat and d) myoporum habitat, nMDS analyses show significant separation of the soils between 
microsites in all but the mallee habitat (c). At the landscape-scale the soils differed at Matuwa (a and 
b), but not at Yookamurra (c and d).  
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Figure 5. At both Matuwa, a) acacia habitat and b) spinifex habitat, and Yookamurra, c) mallee 
habitat and d) myoporum habitat, soil compaction differed significantly at both the micro- and 
landscape-scales in all habitats, but ammonium nitrogen and organic carbon did not show similar 
clear patterns. Letters above the bars indicate significant differences at p < 0.05.  
 

Soil properties at the landscape-scale 

Overall, the soils differed significantly at the landscape-scale at Matuwa (spinifex: r2 – 0.113, 

p = 0.046; acacia: r2 – 0.337, p = 0.001) but not at Yookamurra (Figure 4, Supplementary Material 

2, Table SM2). Soils from the sites inside the fenced areas were more variable than those from outside 

sites, primarily because of the differences between the digging microsites and the controls (Figure 4). 

All of the individual soil variables contributed significantly to the separation of the soils at the 

landscape-scale in at least one habitat type (Supplementary Material 2, Table SM3). Comparisons of 

individual soil variables showed few differences at the landscape scale, even at Matuwa where soils  
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Figure 6. The vegetation communities at Matuwa, a) acacia habitat and b) spinifex habitat and 
Yookamurra, c) mallee habitat and d) myoporum habitat, displayed similar patterns in species 
composition, percent cover and aggregation when comparing landscapes inside and outside fenced 
areas supporting reintroduced digging mammals. Species composition was generally similar, 
vegetation cover did not differ when measured with transect-based methods but was significantly 
higher in three of four habitats when measured by aerial surveys, and the aggregation of the 
vegetation, assessed using the contagion index, was significantly lower inside the fenced areas in 
three habitats. Letters above the bars indicate significant differences at p < 0.05.  
 

were different overall (Figure 5). Soil compaction was significantly lower inside the fenced areas 

except in the spinifex habitat at Matuwa (mallee: p = 0.004, myoporum: p = 0.039, acacia: p = 0.012; 

Figure 5), and carbon was significantly higher in the acacia habitat at Matuwa (p = 0.002), but none 

of the other variables differed significantly (Figure 5, Supplementary Material 2, Table SM5). 
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Vegetation species richness and composition 

Vegetation species richness was 1.7 times higher outside the fence in the acacia habitat at Matuwa 

(t3,24 = -2.65, p = 0.04), but there were no differences elsewhere (Supplementary Material 2, Table 

SM6). Vegetation species composition differed significantly between the inside and outside 

landscapes only in the myoporum habitat at Yookamurra (r2 = 0.241, p = 0.047; Figure 6). Some 

separation of vegetation species composition between the landscapes is also visible for the acacia 

habitat at Matuwa, but this was not significant (Figure 6; Supplementary Material 2, Table SM7). 

Nine of the 88 species recorded at Yookamurra, and six of the 43 species recorded at Matuwa 

contributed significantly to the variation in species composition (Supplementary Material 2, Table 

SM8). These species were primarily small (n=5) and large (n=7) shrubs but also include one tree, 

one non-native forb and one grass (Supplementary Material 2, Table SM8).  

 

Vegetation cover and productivity 

Vegetation cover estimates from the transect-based surveys did not differ between landscapes in any 

habitat (Figure 6; Supplementary Material 2, Table SM6). In contrast, vegetation cover estimates 

from the aerial surveys differed significantly in all habitats (Figure 6; Supplementary Material 2, 

Table SM6). Vegetation cover was 7% greater in landscapes without digging mammals in the mallee, 

but 13-57% greater in landscapes with digging mammals in the myoporum, acacia and spinifex 

habitats (Figure 6). There were no differences in the mean NDVI values of vegetated pixels (i.e. 

vegetation productivity did not differ) in any habitat (Supplementary Material 2, Table SM6).  

 

Vegetation spatial patterning 

Although the total vegetation cover in landscapes with digging mammals was significantly greater in 

three of the four habitats, the mean area of individual vegetation patches did not differ, nor did the 

variation in mean patch size (Supplementary Material 2, Table SM9). Sites outside the fenced areas 

had contagion values that were 9-14% higher at Matuwa, and 2-4% higher at Yookamurra, than sites 

inside the fence indicating that vegetation is more aggregated in areas without digging mammals, 

however the variation in these values was small (Figure 6; Supplementary Material 2, Table SM9). 

The mean ENN distance for vegetation patches varied significantly between inside and outside sites 

only for the spinifex habitat at Matuwa (Supplementary Material 2, Table SM9). The ENN standard 

deviations were all large compared to the means, indicating that patches are irregularly distributed 

both inside and outside the fenced areas at both locations.  

 

Discussion 

Reintroduced Australian digging mammals have the potential to contribute to ecosystem restoration 

at both micro- and landscape-scales. We found that digging and burrowing by two communities of 

reintroduced digging mammals disturbed significantly more ground than extant communities that 
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included both native and non-native species. We detected differences in soil compaction, and 

vegetation cover and patch aggregation between landscapes inside and outside the fenced areas 

supporting the reintroduced digging mammals. These changes are likely to have been driven by the 

micro-scale changes to soil nutrients and compaction we recorded, as well as altered plant 

establishment patterns caused by an increase in seedling germination in foraging diggings 

(Chapter 3, James et al. 2010). Our findings suggest that the reintroduction of Australia’s digging 

mammals can contribute to reversing aspects of ecosystem degradation such as soil compaction and 

vegetation change. 

 

Reintroduced mammals contribute to soil restoration 

Our results support our prediction that soil conditions for plant growth are improved by digging 

mammals at the scale of their foraging diggings (similar to Garkaklis et al. 2003, James et al. 2009, 

Davies et al. 2019, Halstead et al. 2020). We found that changes to soil compaction and nutrients at 

the micro-scale were influenced by habitat type, likely driven by the different soil types in each 

habitat. Chapter 4 (Palmer et al. 2021) recorded similar results on the impact of boodie (Bettongia 

lesueur) warrens on soil properties at the same study locations. Other abiotic variables, such as 

rainfall, can also influence the effect of digging mammals on soil properties (Decker et al. 2019). Our 

results, together with those of previous studies, suggest that the effects of reintroducing digging 

mammals on soils are context dependent, but could be predicted for future reintroductions by 

considering abiotic variables such as soil type and rainfall.  

 

In line with our third prediction, reintroduced digging mammals were linked with landscape-scale 

changes to soil properties. Soil compaction was approximately 1.5 times lower in landscapes where 

reintroduced digging mammals were present, reflecting similar declines in soil compaction in 

foraging diggings compared to undisturbed ground. In Australia, the introduction of hard-hooved 

livestock has resulted in soil compaction, reducing water infiltration and significantly increasing soil 

erosion and the rate of overland flows (Lunt et al. 2007). Martin (2003) hypothesised that the actions 

of digging mammals could reverse soil compaction caused by livestock. Previous research has 

recorded reduced soil compaction in foraging diggings and burrows (Kyle et al. 2008, Haussmann 

et al. 2018, Davies et al. 2019, Halstead et al. 2020, Chapter 4 (Palmer et al. 2021)), but our study 

provides the first empirical evidence that reintroduced digging mammals can reduce soil compaction 

at scales relevant to landscape-scale ecosystem restoration.  

 

Although we recorded increased soil nutrients in foraging diggings, we found few differences at the 

landscape-scale. Changes to soil nutrients within foraging diggings may be ephemeral (e.g. Garkaklis 

et al. 2000, Garkaklis et al. 2003), but it is unlikely that even ephemeral changes would be completely 

undetectable at landscape-scales due to the extensive area covered by foraging diggings and warrens 

at our study sites. It is possible that insufficient time has passed since the reintroductions for changes 
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to soil nutrients to accumulate to levels detectable at landscape-scales, but we consider this unlikely 

because digging mammals have been established at our study sites for between 10 and 30 years. In 

addition, previous work conducted in part at Yookamurra, recorded greater soil carbon and nitrogen 

concentrations in soils in areas supporting reintroduced digging mammals (Decker et al. 2019). 

Instead, we propose that foraging diggings change the distribution of soil nutrients rather than 

increasing the overall amount in the landscape per se. We did not include landscape position in our 

soil sampling design, but Decker et al. (2019) found that the presence of reintroduced digging 

mammals altered the distribution of soil nutrients between open microsites and those under plant 

canopies. Foraging diggings divert organic matter (a major source of soil nutrients) away from 

locations where it would otherwise accumulate, such as below existing vegetation (James et al. 2009, 

Eldridge 2011). Changes to the distribution of soil nutrients can be crucial for altering vegetation 

structure and productivity (Sparrow et al. 2003). Foraging diggings can facilitate the growth of plants 

away from existing vegetation by providing resources in otherwise resource-poor areas, as supported 

by our finding that vegetation was less aggregated in areas with digging mammals. 

 

Reintroduced mammals alter vegetation patterns 

As predicted, we found greater vegetation cover and lower vegetation aggregation in landscapes 

where reintroduced digging mammals were present. These differences can be explained by the 

altered soil properties within foraging diggings. Foraging diggings accumulate water, nutrients and 

seeds and so provide sites where plants are able to germinate away from existing vegetation patches 

(Eldridge 2011), including in bare areas and scalded soils (Munro et al. 2019). This increases seedling 

abundance in foraging diggings compared to undisturbed ground, both in Australia (e.g. Chapter 3, 

James et al. 2010, Ross et al. 2020) and internationally (e.g. Dean and Milton 1991, Boeken et al. 

1995, Bragg et al. 2005). Our study suggests that seedling establishment in foraging diggings can 

result in landscape-scale changes to vegetation communities. This is important as it implies that 

foraging diggings provide the resources required for plants to establish and are not merely ecological 

traps where seeds germinate but the seedlings later die. Further work, comparing plant survival from 

germination to adulthood between foraging diggings and undisturbed ground, would provide the 

empirical evidence to definitively link establishment in foraging diggings to landscape-scale 

differences in the spatial arrangement of vegetation.  

 

Differences in the spatial arrangement of vegetation could be as important for ecosystem functioning 

as increases in vegetation cover or changes to species composition. The spatial arrangement of 

vegetation can affect whether landscapes retain or lose resources (Bautista et al. 2007, Maestre et al. 

2016), alter facultative and competitive interactions between plants (McCallum et al. 2018), and 

influence the rate of weed invasion (Simmons 2005). Altering vegetation patterns can also influence 

interactions between plants and fauna including herbivory (Bee et al. 2009), seed dispersal 

behaviour (Marchetto et al. 2010) and pollination (Ghazoul 2005). Similarly, increased vegetation 
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cover and connectivity can provide fauna with increased protection from predators (Leahy et al. 

2015). Changes to the spatial arrangement of vegetation through the soil engineering actions of 

digging mammals could, therefore, have far-reaching impacts on multiple ecosystem processes and 

functions.  

 

In Australia, the primary constraint to using reintroductions of digging mammals to restore 

ecosystems across landscape-scales is the presence of introduced cats and foxes. Cats and foxes are 

widespread and eradication from open landscapes is not currently possible (Department of 

Sustainability, Environment, Water, Population and Communities 2010, Legge et al. 2017). 

However, the hunting efficiency of cats and foxes is reduced in areas with greater habitat complexity 

and shorter distances between vegetated patches (Doherty et al. 2015). If habitat quality could be 

improved sufficiently, perhaps through mechanical means (e.g. Whisenant et al. 1995), digging 

mammals less vulnerable to predation may be able to establish and persist. The engineering actions 

of those species may then further alter vegetation structure such that more vulnerable species could 

be successfully reintroduced to landscapes where introduced predators are still present. Extensive 

further research on the landscape-scale changes to vegetation structure as a result of digging 

mammal reintroductions, combined with examinations on the level of predation that vulnerable 

mammal populations can withstand (e.g. Moseby et al. 2018a), will be required before such 

ambitious projects could commence.  

 

Our results demonstrate a correlation between the presence of reintroduced digging mammals and 

changes to vegetation structure at landscape-scales, but not causation. There are other possible 

explanations for the differences in vegetation structure between the landscapes inside and outside 

the fenced areas. Primary among these is the unequal application of current management actions. 

For example, the prescribed burning program at Matuwa burns patches of 1 ha inside the fenced area 

but larger patches outside (C. Lohr pers. comm.). Alternatively, historical differences that were 

present prior to the construction of the fenced areas, such as the impact of different stocking or tree 

removal rates, could also be responsible for the patterns we observed. Future studies, including long-

term monitoring of patterns of seedling recruitment into adult plant populations, could further 

disentangle the multiple drivers of vegetation patterning at digging mammal reintroduction sites.  

 

Our prediction that vegetation species richness, composition and productivity would be affected by 

the soil engineering activities of reintroduced digging mammals was not strongly supported. 

Similarly, vegetation species richness was not altered by the presence of another Australian digging 

mammal community (Verdon et al. 2016), but South African mole rats (Cryptomys hottentottus and 

Georychus capensis) increase plant species richness and alter species composition (Hagenah et al. 

2013). Arid and semi-arid zone Australia is characterised by highly variable rainfall which results in 

distinct pulses in the establishment, growth and productivity of plants following wet years (Morton 

et al. 2011). In our study, vegetation responses may have been muted by the drought conditions 
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present at both study sites in the year preceding our surveys. Because we conducted our surveys at 

only one time-point we were unable to assess vegetation patterns in a good season, when responses 

may be expected to be more pronounced. Longitudinal studies that examine inter-annual variation 

are a key next step to develop our understanding of the role of Australian digging mammals on 

landscape-scale vegetation properties.  

 

Foraging diggings disturb more area than warrens 

As expected, the reintroduced digging mammal communities disturbed significantly more soil than 

the extant mammal communities present outside the fenced areas. Foraging diggings accounted for 

most of the disturbed area despite being several orders of magnitude smaller than the warrens (e.g. 

0.42 m2 for a foraging digging compared to 71 m2 for a warren at Yookamurra). Warrens are known 

to alter the soil properties we assessed in this study (Chapter 4 (Palmer et al. 2021), Noble et al. 2007, 

Chapman 2013), but, due to the extent of their occurrence, foraging diggings are likely to be the main 

driver of the landscape-scale differences in soil properties we observed. Crested porcupines (Hystrix 

indica) are known to influence landscape-scale soil dynamics through their foraging diggings (Alkon 

1999), but internationally, the engineering effects of digging mammals are primarily driven by the 

construction of burrows and warrens rather than foraging diggings (e.g. prairie dogs (Cynomys spp.; 

Davidson and Lightfoot 2008), pikas (Ochotona curzoniae; Zhou et al. 2018) and pocket gophers 

(Thomomys talpoides; Kyle et al. 2008)). However, micro-scale disturbances (i.e. foraging diggings) 

can be as important as larger disturbances like warrens for driving landscape-scale ecosystem 

processes (Eldridge and Kwok 2008). It is only by assessing the full range of the engineering 

activities of digging mammals that we can gain a complete understanding of the roles and functions 

of species that perform both actions, or of communities with both diggers and burrowers. 

 

The implications of differences between survey methodologies 

We obtained contradictory results for our two methods of assessing vegetation cover. Aerial 

estimates of vegetation cover showed significant differences between the landscapes with and 

without reintroduced digging mammals, but the transect-based estimates showed no differences 

between the landscapes. This is most likely because, although both methods provide estimates of 

vegetation cover, they measure different aspects of this variable. Our transect-based estimates 

included all plants, and portions of plants, below 1.2 m but excluded vegetation above that height. In 

contrast, the aerial estimates included vegetation at all heights but could not incorporate vegetation 

growing beneath the canopies of taller plants. The transect-based surveys may, therefore, be more 

accurate at detecting changes to smaller plants such as grasses and small shrubs which are likely to 

be influenced by both the engineering and trophic effects of reintroduced mammals. Our transect-

based surveys indicate, therefore, that the combined impact of engineering and herbivory by 

reintroduced digging mammals on low-growing vegetation is negligible, though our results do not 

provide details about particular species. At another Australian reintroduction site, digging mammals 
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did not affect overall vegetation cover but their herbivory did reduce the abundance of palatable 

shrubs (Moseby et al. 2018b). Our aerial surveys were better suited to detecting changes to overall 

canopy cover, which is unaffected by herbivory by small ground-dwelling mammals. The selection of 

aerial or transect-based survey methods will depend upon the primary question, and we recommend 

including both where possible to gain a better overview of the combined engineering and trophic 

impacts of reintroduced fauna.  

 

We evaluated the efficiency and effectiveness of drone surveys to assess the impact of fauna on 

vegetation in non-agricultural settings. The initial equipment costs for the aerial surveys were much 

higher than the transect-based method, and data processing, including the image calibration, 

stitching and classification steps, took several weeks. However, field data collection (approximately 

four hours of flight time over ten days at each location) was extremely efficient and far superior to 

transect-based alternatives for collecting the same information. Ironically, like Melville et al. (2019), 

our biggest challenge related to the very high resolution of the aerial imagery. Initial application of 

the classification algorithm resulted in the identification of vegetation patches consisting of 

individual plants, branches, and leaves, rather than groups of plants. We were able to correct this 

using image convolution, but this involved a trade-off between combining sparse canopies and 

retaining small patches of vegetation (e.g. clumps of grass and small shrubs) surrounded by bare 

areas. The use of aerial surveys for assessing the impact of fauna on their ecosystems is still in its 

infancy. However, this study and other recent work (e.g. Getzin et al. 2020) has shown that aerial 

surveys can be successfully used to determine how ecosystem engineers support keystone processes 

in their local environment.  

 

Conclusions 

Our study demonstrates that the soil engineering actions of digging mammals drive landscape-scale 

vegetation patterns by reducing soil compaction, redistributing soil nutrients, and promoting the 

establishment of plants away from existing vegetation. The reintroduction of digging mammals has 

been proposed as a way to initiate autogenic recovery of degraded ecosystems (Manning et al. 2015), 

and the goals of digging mammal reintroductions are increasingly becoming restoration-focused 

(Chapter 2 (Palmer et al. 2020)). Provided that threatening processes such as introduced predators 

are adequately controlled (e.g. Moseby et al. 2018a), our research shows that reintroducing digging 

mammals can contribute to ecosystem restoration over landscape scales and that achieving 

restoration goals is possible. 
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Supplementary Material 1  

Identification of boodie warrens from aerial imagery.  

 

 
Figure SM1. A section of an aerial image from Yookamurra showing a boodie warren, clearly 
distinguishable from undisturbed soil by the presence of lighter coloured soil and the shadows cast 
by the burrow entrances. The inset shows a section of the boodie warren identifying a burrow 
entrance (1) and spoil pile (2). Black scale bars on both the main image and inset box are 1 m.  
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Supplementary Material 2  

Tables of results for all analyses. 

 

Table SM1. The mean (± standard error) number of, and area disturbed by, foraging diggings and warrens inside and outside the fenced areas 
supporting reintroduced digging mammals at Yookamurra and Matuwa. We used generalised linear models with a Poisson distribution to test for 
differences in the number of disturbances and linear models to test for differences in the area disturbed. Test statistics (degrees of freedom (df), F/Z 
statistics and p-values) were obtained from pairwise comparison performed in emmeans. Statistically significant differences at p < 0.05 are shown in 
bold. No warrens were recorded in either landscape in the spinifex habitat at Matuwa.  

 Mean inside Mean outside df F/Z-stat p-value Mean inside Mean outside df F/Z-stat p-value 

Yookamurra Mallee Myoporum 

Diggings (m2 ha-1) 569.21 ± 80.92 17.05 ± 8.62 1, 12 46.15 <0.001 738.69 ± 76.49 30.46 ± 15.00 1, 12 82.79 <0.001 

Diggings ha-1 12714.29 ± 1847.96 286.71 ± 101.06 1, 12 -167.9 <0.001 23375.14 ± 2720.54 500.0 ± 267.26 1, 12 -225 <0.001 

Warrens (m2 ha-1) 2.89 ± 2.19 0 ± 0 1, 12 1.75 0.21 56.80 ± 17.72 24.86 ± 9.13 1, 12 2.57 0.135 

Warrens ha-1 0.36 ± 0.18 0 ± 0 1, 12 -0.003 0.99 1.21 ± 0.29 1.0 ± 0.22 1, 12 -0.38 0.7 

Matuwa Spinifex Acacia 

Diggings (m2 ha-1) 127.07 ± 31.73 50.6 ± 1.50 1, 12 15.72 0.002 96.44 ± 51.29 4.88 ± 3.33 1, 12 3.17 0.1 

Diggings ha-1 4107.14 ± 839.60 328.57 ± 113.83 1, 12 -116.6 <0.001 2412.57 ± 964.21 234.71 ± 166.96 1, 12 -90.17 <0.001 

Warrens (m2 ha-1)      19.56 ± 11.03 5.98 ± 5.63 1, 12 1.2 0.29 

Warrens ha-1      0.36 ± 0.14 0.14 ± 0.09 1, 12 1.59 0.23 
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Table SM2. Results of non-metric multidimensional scaling (nMDS) analyses on soil variables at Yookamurra and Matuwa. We used permutational 
multivariate analysis of variance to assess differences between foraging digging microsites (pits, spoils and controls) and between landscapes inside and 
outside the fenced areas supporting reintroduced digging mammals.  

 Dimensions r2 value p-value Dimensions r2 value p-value 

Yookamurra Mallee Myoporum 
Micro-scale 3 0.099 0.435 3 0.751 0.001 
Landscape-scale 3 0.043 0.446 3 0.114 0.122 

Matuwa Spinifex Acacia 
Micro-scale 3 0.438 0.003 3 0.844 0.001 
Landscape-scale 3 0.113 0.043 3 0.337 0.004 

 

Table SM3. Individual soil variable contributions to soil property nMDS plots. Bold values indicate variables with significant contributions at p < 0.05. 
Moisture data was not collected in the acacia habitat at Matuwa. 

 r2 value p-value r2 value p-value 

Yookamurra Mallee Myoporum 
Moisture (%) 0.407 0.007 0.068 0.520 

Compaction (kg/cm2) 0.072 0.531 0.873 0.001 

Ammonium nitrogen (mg kg-1) 0.734 0.012 0.239 0.067 
Nitrate nitrogen (mg kg-1) 0.889 0.001 0.883 0.001 
Phosphorus (mg kg-1) 0.919 0.001 0.541 0.001 
Carbon (%) 0.263 0.052 0.278 0.060 
pH (H2O) 0.256 0.062 0.442 0.004 

Matuwa Spinifex Acacia 
Moisture (%) 0.053 0.514   
Compaction (kg/cm2) 0.868 0.001 0.971 0.001 

Ammonium nitrogen (mg kg-1) 0.764 0.001 0.881 0.001 
Nitrate nitrogen (mg kg-1) 0.836 0.001 0.740 0.001 
Phosphorus (mg kg-1) 0.217 0.060 0.041 0.603 
Carbon (%) 0.124 0.201 0.682 0.001 
pH (H2O) 0.458 0.001 0.188 0.071 
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Table SM4. The mean (± standard error) values for soil properties from foraging digging microsites at Yookamurra and Matuwa. We used linear 
mixed-effect models to test for differences between the microsites. Test statistics (degrees of freedom (df), t-ratios and p-values) were obtained from 
pairwise comparison performed in emmeans. Statistically significant differences at p < 0.05 are shown in bold. Soil nutrient and pH data for the pit and 
spoil microsites were combined at Yookamurra. Moisture data was not collected in the acacia habitat at Matuwa.  

 Control Pit Spoil 
 Mean ± SE Mean ± SE df t-ratio p-value Mean ± SE df t-ratio p-value 

Yookamurra – Mallee  
Moisture (%) 3.51 ± 0.20 3.64 ± 0.14 32.7 -0.955 0.929 3.21 ± 0.31 32.7 1.523 0.652 
Compaction (kg/cm2) 5.36 ± 0.36 3.76 ± 0.13 32.7 2.317 0.217 2.79 ± 0.18 32.7 6.338 <0.001 
Ammonium nitrogen (mg kg-1) 2.87 ± 0.39 2.62 ± 0.18 16.3 -1.729 0.341     
Nitrate nitrogen (mg kg-1) 4.60 ± 0.57 2.85 ± 0.36 16.3 1.904 0.265     
Phosphorus (mg kg-1) 18.59 ± 1.68 15.67 ± 1.59 16.3 3.500 0.014     
Carbon (%) 3.25 ± 0.12  3.13 ± 0.11 16.3 -0.821 0.844     
pH (H2O) 8.63 ± 0.03 8.67 ± 0.03 16.3 -0.054   0.999     

Yookamurra – Myoporum  
Moisture (%) 4.08 ± 0.18 3.73 ± 0.19 32.7 1.861 0.443 3.95 ± 0.22 32.7 0.634 0.988 
Compaction (kg/cm2) 14.0 ± 0.69 6.99 ± 0.58 32.7 9.763 <0.001 7.31 ± 0.68 32.7 9.232 <0.001 
Ammonium nitrogen (mg kg-1) 1.81 ± 0.22 3.45 ± 0.77 16.3 -4.682 0.001     
Nitrate nitrogen (mg kg-1) 2.22 ± 0.31 5.54 ± 0.55 16.3 -4.942 0.001     
Phosphorus (mg kg-1) 7.51 ± 0.65 8.37 ± 0.36 16.3 -4.414 0.002     
Carbon (%) 1.39 ± 0.07 1.79 ± 0.16 16.3 -8.787 <0.001     
pH (H2O) 8.88 ± 0.02 8.62 ± 0.03 16.3 5.979   <0.001     

Matuwa – Spinifex  
Moisture (%) 1.28 ± 0.14 1.48 ± 0.11 32.7   -5.084 <0.001 1.18 ± 0.13 32.7   2.363 0.199 
Compaction (kg/cm2) 7.61 ± 0.86 3.28 ± 0.42 32.7   7.960   <0.001 3.45 ± 0.58 32.7   7.870   <0.001 
Ammonium nitrogen (mg kg-1) 3.71 ± 0.70 6.54 ± 1.06 32.7  -3.451   0.018 6.09 ± 0.59 32.7  -3.292   0.027 
Nitrate nitrogen (mg kg-1) 2.37 ± 0.63 1.96 ± 0.71 32.7   1.766   0.501 1.28 ± 0.28 32.7   2.958   0.058 
Phosphorus (mg kg-1) 4.54 ± 0.46 3.65 ± 0.39 32.7   2.323   0.214 4.01 ± 0.41 32.7   1.282   0.793 
Carbon (%) 0.25 ± 0.02 0.27 ± 0.02 32.7  -0.877   0.949 0.25 ± 0.02 32.7   0.088   1.000 
pH (H2O) 6.24 ± 0.19 6.20 ± 0.13 32.7 0.251   0.999 6.31 ± 0.14 32.7 -0.419   0.998 

Matuwa – Acacia 
Compaction (kg/cm2) 13.72 ± 0.83 5.88 ± 0.90 32.7   8.544   <0.001 6.86 ± 0.79 32.7   6.768   <0.001 
Ammonium nitrogen (mg kg-1) 1.62 ± 0.25 6.86 ± 1.17 32.7  -8.344   <0.001 4.07 ± 0.55 32.7  -5.506   <0.001 
Nitrate nitrogen (mg kg-1) 3.59 ± 0.52 6.57 ± 0.50 32.7  -3.558   0.014 6.10 ± 0.63 32.7  -3.077   0.044 
Phosphorus (mg kg-1) 5.49 ± 0.72 4.88 ± 0.43 32.7   0.987   0.919 5.97 ± 0.46 32.7  -1.181   0.843 
Carbon (%) 0.38 ± 0.04 0.66 ± 0.06 32.7 -5.785   <0.001 0.55 ± 0.03 32.7  -4.138   0.003 
pH (H2O) 8.77 ± 0.08 8.57 ± 0.13 32.7 1.172 0.847 8.56 ± 0.08 32.7 1.256   0.806 
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Table SM5. The mean (± standard error) values for soil properties inside and outside the fenced areas supporting reintroduced digging mammals 
(landscape-scale) at Yookamurra and Matuwa. We used linear mixed-effect models to test for differences between the landscapes. Test statistics (degrees 
of freedom (df), t-ratios and p-values) were obtained from pairwise comparison performed in emmeans. Statistically significant differences at p < 0.05 
are shown in bold. Moisture data was not collected in the acacia habitat at Matuwa. 
 Mean inside Mean outside df t-ratio p-value Mean inside Mean outside df t-ratio p-value 

Yookamurra Mallee Myoporum 
Moisture (%) 3.44 ± 0.15 3.55 ± 0.31 34.0  -0.316   0.989 3.91 ± 0.12 4.10 ± 0.28 34.0  -0.512   0.956 
Compaction (kg/cm2) 3.75 ± 0.25 6.04 ± 0.34 49.1  -3.568   0.004 9.59 ± 0.96  13.53 ± 1.16 49.1  -2.756   0.040 
Ammonium nitrogen (mg kg-1) 1.90 ± 0.17 3.66 ± 0.65 38.1  -1.901   0.245 2.03 ± 0.34 2.01 ± 0.43 38.1  1.024   0.736 
Nitrate nitrogen (mg kg-1) 2.81 ± 0.44 4.61 ± 0.82 38.1  -0.766   0.869 2.87 ± 0.49 2.37 ± 0.42 38.1  1.377   0.521 
Carbon (%)  2.39 ± 0.23 3.45 ± 0.19  37.6  -1.191   0.636 1.35 ± 0.09 1.51 ± 0.10  37.6  -0.085   0.999 
Phosphorus (mg kg-1) 12.14 ± 2.03 17.44 ± 2.33 34.9  0.083   0.999 5.29 ± 0.73 8.53 ± 1.10 34.9  -0.803   0.852 

Matuwa Spinifex Acacia 
Moisture (%) 1.31 ± 0.08 1.19 ± 0.12 33.4   1.019 0.740      
Compaction (kg/cm2) 4.78 ± 0.57 7.36 ± 0.90 49.8  -2.533   0.067 8.82 ± 0.91 15.40 ± 0.49 49.8  -3.213   0.012 
Ammonium nitrogen (mg kg-1) 1.96 ± 0.32 2.19 ± 0.57 49.1  1.433   0.485 2.36 ± 0.31 2.29 ± 0.37 49.1  2.103   0.166 
Nitrate nitrogen (mg kg-1) 2.61 ± 0.43  3.12 ± 0.88 38.9  -0.397   0.979 3.27 ± 0.47 3.25 ± 0.92 38.0  2.453   0.084 
Carbon (%)  0.26 ± 0.01 0.30 ± 0.03 48.4  -1.408   0.500 0.53 ± 0.04 0.32 ± 0.01 48.4  3.898   0.002 
Phosphorus (mg kg-1) 4.07 ± 0.25 4.34 ± 0.43  35.8  -0.457   0.968 5.45 ± 0.32 6.36 ± 0.57 35.8  -1.175   0.646 
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Table SM6. The mean (± standard error) values for vegetation properties inside and outside the fenced areas supporting reintroduced digging 
mammals at Yookamurra and Matuwa. We used generalised linear mixed-effect models with a negative binomial distribution to assess transect-based 
vegetation cover, linear models with a Gaussian distribution to assess aerial survey estimates of vegetation cover and productivity, and generalised 
linear models with a Poisson distribution to compare the total site vegetation species richness. Test statistics (degrees of freedom (df), t-ratios and p-
values) were obtained from pairwise comparison performed in emmeans. Statistically significant differences at p < 0.05 are shown in bold.   
 Mean inside Mean outside df z-ratio p-value Mean inside Mean outside df z-ratio p-value 

Yookamurra Mallee Myoporum 
Cover, transect (%) 8.6 ± 1.21 7.0 ± 0.90 3,24 0.801   0.854 17.0 ± 1.79 26.0 ± 2.14 3,24 -1.843   0.253 
Cover, aerial (%) 53.1 ± 1.05 57.2 ± 1.56 3,24 -2.720   0.033 42.3 ± 0.80 37.3 ± 0.63 3,24 3.348   0.005 
Productivity (NDVI) 0.0008 ± 0.01 0.02 ± 0.02 3,24 -0.798   0.856 -0.043 ± 0.019 0.005 ± 0.02 3,24 -2.033   0.176 
Species richness 8.7 ± 1.15 12.7 ± 0.99 3,24 -2.273  0.104 18.9 ± 1.44 24.4 ± 1.45 3,24 -2.234   0.114 

Matuwa Spinifex Acacia 
Cover, transect (%) 62.2 ± 3.29 48.6 ± 3.08 3,24 1.508  0.433 6.35 ± 0.71 8.03 ± 0.74 3,24 -1.214  0.618 
Cover, aerial (%) 46.6 ± 2.15 29.7 ± 0.99 3,24 9.122  <0.001 21 ± 1.02 15.8 ± 0.42 3,24 2.818  0.025 
Productivity (NDVI) -0.072 ± 0.040 -0.107 ± 0.019 3,24 0.809   0.850 -0.13 ± 0.02 -0.091 ± 0.036 3,24 -0.876   0.818 
Species richness 4.57 ± 0.57 5.29 ± 0.75 3,24 -0.601   0.932 5.29 ± 0.52 9.14 ± 0.59 3,24 -2.653   0.040 

 

 

Table SM7. Results of non-metric multidimensional scaling (nMDS) analyses on vegetation species composition at Yookamurra and Matuwa. We used 
permutational multivariate analysis of variance to assess differences between landscapes inside and outside the fenced areas supporting reintroduced 
digging mammals.  
Property  Habitat Dimensions r2 value p-value 

Yookamurra Mallee 3 0.008 0.908 
 Shrub 3 0.241 0.047 
Matuwa Spinifex 3 0.068 0.440 
 Shrub 3 0.129 0.211 
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Table SM8. Species contributions to the vegetation species composition nMDS plots. Only species with p-values of <0.1 are shown.  Bold values 
indicate species that significantly contributed to the plots at p < 0.05.  
Species r2 value p-value Species r2 value p-value 

Yookamurra 
Mallee Myoporum 

Atriplex stipitata 0.563 0.015 Acacia nyssophylla 0.332 0.057 
Carrichtera annua 0.467 0.034 Atriplex stipitata 0.666 0.030 
Cratystylis conocephala 0.368 0.077 Austrostipa sp. 1 0.392 0.053 
Enchylaena tomentosa 0.559 0.002 Chenopodiaceae sp. 1 0.722 0.075 
Eriochiton sclerolaenoides 0.367 0.070 Chenopodiaceae sp. 2 0.722 0.075 
Eucalyptus oleosa 0.483 0.036 Dodonaea viscosa 0.695 0.002 
Eucalyptus sp. 10a 0.444 0.074 Geijera linearifolia 0.368 0.069 
Geijera linearifolia 0.465 0.035 Grass sp. 1 0.722 0.075 
Olearia muelleri 0.562 0.013 Hyalosperma semisterile 0.376 0.086 

   Senna artemisioides filifolia x petiolaris 0.794 0.001 
   Silene apetala 0.414 0.062 
   Unknown sp. 1 0.722 0.075 
   Westringia rigida 0.655 0.011 
   Wurmbea dioica 0.397 0.060 
   Zygophyllum auranticum 0.567 0.069 
Matuwa 

Spinifex Acacia 
Acacia mulganeura 0.335 0.090 Abutilon otocarpum 0.383 0.069 
Acacia sp. 2 0.503 0.017 Acacia sp. 1 0.720 0.001 
Acacia sp. 4 0.522 0.004 Aristida contorta 0.618 0.006 
Eremophila sp. 2 0.517 0.014 Eremophila sp. 2 0.383 0.069 
Templetonia egena 0.396 0.067 Ptilotus obovatus 0.790 0.002 
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Table SM9. The mean (± standard error) values for the spatial arrangement of vegetation inside and outside the fenced areas supporting reintroduced 
digging mammals at Yookamurra and Matuwa. We used linear models with a Gaussian distribution to assess differences in patch area, contagion and 
ENN distance. Test statistics (degrees of freedom (df), t-ratios and p-values) were obtained from pairwise comparison performed in emmeans. 
Statistically significant differences at p < 0.05 are shown in bold.    

 Mean inside Mean outside df z-ratio p-value Mean inside Mean outside df z-ratio p-value 

Yookamurra Mallee Myoporum 
Patch area (m2) 2.41 ± 0.29 2.19 ± 0.29 3,24 0.550   0.947 3.16 ± 0.59 5.02 ± 1.0 3,24 -1.107   0.685 
Contagion (%) 46.25 ± 0.42 47.07 ± 0.34 3,24 -1.704   0.322 47.22 ± 0.26 48.95 ± 0.33 3,24 -3.593   0.002 
ENN distance (m) 0.26 ± 0.02 0.25 ± 0.01 3,24 0.449   0.970 0.23 ± 0.01 0.26 ± 0.02 3,24 -1.267   0.584 

Matuwa Spinifex Acacia 
Patch area (m2) 4.23 ± 0.40 7.25 ± 1.83 3,24 0.110    0.999 13.66 ± 4.13 11.66 ± 3.38 3,24 0.356    0.985 
Contagion (%) 46.35 ± 0.38 52.59 ± 0.72 3,24 -6.079   <0.001 61.16 ± 1.06 66.84 ± 0.57 3,24 -5.524   <0.001 
ENN distance (m) 0.27 ± 0.01 0.29 ± 0.02 3,24 -2.824   0.025 0.40 ± 0.05 0.38 ±0.06 3,24 0.853   0.829 
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General Discussion 

 

Many of Australia’s ecosystems are degraded and are missing most of the species that formerly 

comprised their digging mammal assemblage. In this thesis, I show that within the context of 

ecosystem change, reintroductions of now rare digging mammals can contribute to restoration 

efforts, so long as we also account for their interaction with novel ecosystem elements. I used a 

variety of approaches, including soil and vegetation surveys and data collected by drones, to 

investigate the response of soils, vegetation and other fauna to mammal digging activity at a range 

of scales, and through laboratory seed germination trials investigated seed dispersal by digging 

mammals. Throughout, I paid particular attention to interactions between reintroduced digging 

mammals and novel ecosystem elements, especially non-native plants. My findings have 

significantly advanced our understanding of the roles of digging mammals in altered ecosystems and 

provide important insights for land managers working with reintroduced populations of these 

species.  

 

Summary of findings 

In Chapter 2, I showed that digging mammal translocations are used frequently as a conservation 

tool in Australia and are now increasingly being used in the restoration of ecosystems and ecosystem 

processes. I discovered that monitoring and research into the effects of digging mammal activities is 

increasing and that reintroduced populations have been a critical component in the development of 

our understanding of their roles in Australian ecosystems. This Chapter highlights the importance 

of continuing to improve our understanding of digging mammals’ roles and ecosystem functions to 

meet the goals of future translocations. 

 

In Chapter 3, I explored the role of reintroduced digging mammals in facilitating the germination 

and growth of seedlings. I demonstrated the existence of novel interactions between reintroduced 

digging mammals and non-native seedlings. Contrary to the results of some previous studies, 

however, I did not find a strong response of native seedlings to mammal diggings, perhaps because 

of the competing effect of herbivory. By conducting my study at two sites, I demonstrated that biotic 

and abiotic conditions influence the effect of diggings on seedlings. These are important insights for 

translocation practitioners seeking to use digging mammal translocations to restore habitat quality, 

as the effects of diggings can facilitate the germination of non-native plants and are likely to be 

context specific. 
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In Chapter 4, I quantified the effect of boodie (Bettongia lesueur) warrens on soils, vegetation 

communities and other vertebrate fauna, thus extending our understanding of boodies’ ecosystem 

engineering roles. I found that boodie warrens had remarkably consistent effects on soil properties, 

but the response of vegetation to these changes was minimal and varied between habitats and sites. 

I suggested that this may be because the positive effects of warren construction for plants are offset 

by the detrimental impact of herbivory, or because drought was minimising plant responses. The 

results from this Chapter provide the first detailed understanding of the ecosystem effects of boodie 

warrens and inform land managers of how the reintroduction of boodies may influence ecosystem 

structure, function and health.  

 

In Chapter 5, I showed that digging mammals can disperse viable seeds through endozoochory, thus 

extending our understanding of their ecosystem roles. I found that some seeds consumed and 

excreted by digging mammals remained viable and able to germinate. Together, the results from this 

Chapter and previous work (Appendix 3 (Beca et al. 2020)) indicate that the assumption that 

Australian mammals are primarily seed predators and play a negligible role in seed dispersal needs 

to be reconsidered. This Chapter also provided further evidence of novel interactions between 

digging mammals and non-native plants, suggesting that there is an urgent need for translocation 

practitioners to consider seed dispersal between source and release sites in their pre-translocation 

risk assessments. Equally, the results also indicate the potential for digging mammals to contribute 

to restoration programs by performing long-distance seed dispersal. 

 

Finally, in Chapter 6, I examined whether the small-scale effects of reintroduced digging mammals 

(such as those demonstrated in Chapters 3 and 4) are reflected in detectable changes to soils and 

vegetation at landscape-scales. I found differences in the structural characteristics of both soils and 

vegetation between areas with and without digging mammals, but no differences in the nutrient or 

moisture content of soils, or in plant species richness and composition. These results show that 

reintroduced digging mammals can play a role in the restoration of degraded landscapes, for example 

by reversing soil compaction. However, the effects of digging mammals occur over a variety of scales, 

and this should be an important consideration when setting goals for ecosystem restoration.  

 

Limitations 

Before moving into a general discussion of my findings, here I outline some key limitations of the 

research that will influence the interpretation of my results. Firstly, I chose to conduct single time 

point studies at multiple locations rather than repeat surveys of a single site. This approach 

broadened the generalisability of my results and provided several important insights, such as the 

consistency with which boodies affect soils when they construct warrens (Chapter 4). However, there 

are some limitations associated with conducting a study at only one time point. Importantly, a single 
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survey restricts both our ability to understand whether the observed patterns can be considered 

‘normal’ and our ability to predict how the system may respond to changing environmental 

conditions. This is a particularly important issue in many parts of Australia, including my study sites, 

where systems are characterised by unpredictable rainfall events that drive pulses in productivity 

(Morton et al. 2011). In these areas, the response of vegetation to disturbance, management actions 

or the reintroduction of fauna (as described in this thesis) may be episodic or take many decades to 

become apparent (Sinclair 2005) and results from surveys conducted during times of drought could 

differ substantially from those obtained during periods of peak productivity. Understanding the roles 

of digging mammals in Australian arid and semi-arid zone systems is likely to take decades of 

research to unravel. Commitment to long-term monitoring and research programs by managers of 

reintroduced digging mammal populations will be crucial to further our understanding of how the 

effects of digging mammals change over time and in response to climatic conditions.  

 

The studies in Chapters 3 and 6 incorporated the combined impacts of multiple digging mammal 

species. This meant I was unable to draw conclusions about the effects or importance of any one 

species. For managers working with one digging mammal species this is obviously a disadvantage. 

Including multiple species in a study can allow species interactions, synergies and competition to be 

incorporated into the study design (e.g. Davidson and Lightfoot 2006), though this was not a focus 

of my research. Australian reintroduction programs are moving away from translocating single 

species for conservation purposes and increasingly focusing on restoring entire mammal 

assemblages and ecosystems (Chapter 2). The results of studies on communities of digging mammals 

may be of more use to these programs than single species studies. Future complimentary studies that 

partition the effects of species in different mammal assemblages could provide information both on 

the effects of single species, and how these are influenced by the presence of co-occurring species.  

 

Roles of digging mammals 

Engineering effects on soils 

Digging mammals significantly affect ecosystems on all continents, bar Antarctica, by moving and 

turning over soil (e.g. in Asia – plateau pika (Ochotona curzoniae; Yu et al. 2017), Europe – badgers 

(Meles meles; Kurek et al. 2013), Africa – aardvark (Orycteropus afer; Louw et al. 2017), North 

America – pocket gophers (Thomomys bottae; Reichman and Seabloom 2002), South America – 

plains vizcacha (Lagostomus maximus; Villarreal et al. 2008) and Australia – quenda (Isoodon 

fusciventer; Valentine et al. 2017)). The international literature on digging mammals is dominated 

by studies on the effects of their burrows and warrens, with a notable contrast in Australia where 

digging mammal research has focused primarily on the effects of foraging diggings. In this thesis I 

show that like burrowing species internationally, an Australian digging mammal – the boodie – also 

alters soil properties through the construction of its warrens (Chapter 4). I also extend our knowledge 
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of the effects of foraging diggings on soils to additional Australian habitats, and show that, because 

they disturb more ground, foraging diggings may have greater effects than warrens at landscape-

scales (Chapter 6). Overall, the results from this thesis demonstrate that communities of Australian 

digging mammals, like their international counterparts, are important drivers of ecosystem 

structure. 

 

The effects of ecosystem engineers, including digging mammals, are influenced by factors such as 

rainfall, temperature and climatic gradients (Wright and Jones 2004, Coggan et al. 2016, Decker et 

al. 2019b), and habitat context (Baker et al. 2013, McAfee et al. 2016). My results show that soil type 

also influences the effects of diggings and warrens on ecosystem components such as seedling 

abundance (Chapter 3) and soil properties (Chapters 4 and 6). Australia’s soils, particularly in the 

arid and semi-arid zones, are weathered and infertile compared to other climatically similar regions 

(Eldridge et al. 2018), and so digging mammals may be particularly important drivers of soil nutrient 

turn-over and moisture acquisition in the Australian context (Decker et al. 2019a). The loss and 

decline of Australia’s digging mammals may have had severe consequences for soil health in the arid 

and semi-arid zones (Coggan and Gibb 2019, Decker et al. 2019a). My results further show that areas 

with certain soil characteristics, specifically those with a higher clay content or substantial 

cryptogamic crust layer, may have experienced greater impacts than others. Consequently, these 

areas may have the most to gain from the reintroduction of digging mammals. 

 

Engineering effects on vegetation 

The burrows and warrens of numerous digging mammal species support vegetation communities 

that differ significantly from undisturbed areas (e.g. Wesche et al. 2007, Davidson and Lightfoot 

2008, Hagenah et al. 2013) and, similarly, their foraging diggings also affect vegetation communities 

by promoting seedling germination and growth (Dean and Milton 1991, Boeken et al. 1995, Bragg et 

al. 2005). In contrast, I found that boodie warrens do not strongly affect vegetation communities 

(Chapter 4) and that native seedling abundance was not increased by foraging diggings (Chapter 3), 

though at a landscape-scale vegetation had greater cover and was less aggregated in areas supporting 

digging mammals (Chapter 6). This suggests that the response of vegetation communities to 

Australian digging mammals may sometimes manifest differently to those in other regions and 

extrapolating the effects of digging mammals from other continents to the unique Australian 

environment is unlikely to be appropriate. The Australian arid and semi-arid zone environments are 

driven by inter-annual rather than annual weather patterns (Morton et al. 2011). Consequently, in 

many years vegetation responses to mammalian bioturbation may be muted. However, over time, 

changes that manifest during periods of high rainfall accumulate, leading to differences detectable 

even when vegetation is dormant (such as changes to the spatial arrangement of vegetation, as I 

demonstrate in Chapter 6). An increased focus on long-term studies and/or studies designed to 
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detect such long-term effects will provide a more thorough understanding of how Australian digging 

mammals act to influence vegetation communities.  

 

Herbivory 

Ecosystem engineering is not the only way in which digging mammals interact with their 

environment. Indeed, the effects of many digging mammals on vegetation communities are driven 

by their consumption or clipping of the plants growing on their burrows or warrens (e.g. Prugh and 

Brashares 2012, Hagenah et al. 2013, Ewacha et al. 2016). Australian digging mammals are not 

known to clip vegetation, and this form of impact is not relevant to foraging diggings, which I show 

may be more important at driving landscape-scale vegetation patterns than warrens (Chapter 6). 

However, limited research on herbivory by Australian digging mammals has shown that it can 

counteract the positive influence of foraging diggings on seedling abundance (Verdon et al. 2016), 

reduce the abundance of palatable species in the landscape (Linley et al. 2017, Moseby et al. 2018b) 

and regulate shrub densities (Noble et al. 2007). Although I did not investigate herbivory in this 

thesis, it consistently provided a plausible explanation for the patterns I observed in vegetation 

responses to the ecosystem engineering of reintroduced digging mammals. Understanding one role 

in the absence of knowledge about the other roles of digging mammals could lead to 

misinterpretation of their effects and importance, something I acknowledge throughout the previous 

Chapters. To ensure translocation and restoration programs incorporating digging mammals are 

able to set appropriate goals for the effects on vegetation communities, I suggest future research 

includes both ecosystem engineering and herbivory by digging mammals in the study design.  

 

Seed dispersal 

In addition to the effects of digging mammals’ ecosystem engineering role, I also investigated the 

potential for them to perform a seed dispersal role. Despite the importance of mammals for seed 

dispersal elsewhere (Traveset et al. 2007), and records of seed caching by Australian digging 

mammals (Dennis 2003, Murphy et al. 2005, Chapman 2015), the role of mammals in seed dispersal 

in Australia has remained relatively unappreciated and poorly investigated. Mammalian seed 

dispersal is an important influence on ecosystem functioning around the world (Farwig and Berens 

2012), and the combination of mammalian soil engineering and dispersal roles has been shown to 

contribute to ecosystem change (Duval et al. 2005). The results from this thesis show that Australian 

digging mammals can also influence the structure and function of vegetation communities through 

complimentary engineering and dispersal pathways. Digging mammals engineer ideal seed 

germination sites through their foraging activity (Chapter 3), while potentially dispersing seeds to 

those locations by defecating viable seeds next to their foraging diggings (Chapter 5). This could act 

to increase germination rates and vegetation cover generally or may facilitate only particular plant 

species (e.g. I recorded only seeds that were between 1-5 mm in digging mammals’ scats; Chapter 5). 

The results from this thesis indicate that further research into endozoochory by digging mammals, 
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and how it may interact with their engineering roles to promote seed dispersal and germination, is 

clearly warranted.  

 

The importance of scale 

Ecosystem engineers operate over a spectrum of spatial scales and not all of their effects necessarily 

contribute significantly to ecosystem structure and function (Jones et al. 1994). Additionally, the 

effects of ecosystem engineers at one scale may not necessarily reflect their effects at another. For 

example, ecosystem engineering by giant kangaroo-rats (Dipodomys ingens) decreases vegetation 

species diversity at small-scales but promotes increased diversity at landscape-scales (Prugh and 

Brashares 2012). The results from this thesis show that the engineering effects of Australian digging 

mammals also vary with scale. Soil compaction, for example, is reduced at all scales but soil nutrients 

are altered only within foraging diggings and on boodie warrens (Chapters 4 and 6). Similarly, I 

found no difference in native seedling abundance in foraging diggings or in vegetation cover at the 

scale of boodie warrens, but cover was significantly higher in areas with digging mammals at a 

landscape-scale (Chapter 6). My results highlight the need to use caution when extrapolating the 

results of small-scale studies to predictions about the potential for reintroduced digging mammals 

to contribute to restoration programs. Reintroductions of Australia’s digging mammals could 

contribute to the restoration of degraded landscapes by loosening soils compacted by livestock and 

reversing the intensification of vegetation patch structure, but may not assist with other aspects, such 

as improving soil fertility. Researchers and land managers tend to focus on the potential for 

beneficial outcomes of reintroducing digging mammals but, although these certainly exist, we must 

be careful not to over-estimate the likely benefits or ignore the possibility of less desirable outcomes, 

especially in landscapes that have undergone drastic modifications. Reintroduced digging mammals 

have the potential to play an important role in the restoration of Australian landscapes but will likely 

only be part of the solution.  

 

Novel interactions 

Few areas in Australia, and indeed globally, have remained unaltered by the increasingly widespread 

and intense anthropogenic activities that have occurred since the Industrial Revolution (Truitt et al. 

2015). For those interested in addressing and repairing anthropogenic change, understanding how 

the presence of novel ecosystem elements affects species roles and interactions is crucial (Coggan et 

al. 2018). In this thesis, I show that Australian digging mammals, including several commonly 

translocated species, interact with novel ecosystem elements, resulting in the increased abundance 

and, potentially, dispersal of non-native plants (Chapters 3-5). These facultative interactions could 

result in negative outcomes for ecosystem restoration programs. Since it may be possible to predict 

where interactions between novel ecosystem elements and species proposed for reintroduction may 

form (e.g. Magle and Crooks 2008, Pearse and Altermatt 2013), basing conservation actions on 
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interactions could be a more effective approach than focussing efforts on particular species 

assemblages (Harvey et al. 2017). For example, further research into the types of plants that benefit 

most from the foraging diggings and warrens of Australian digging mammals could provide the 

information necessary to predict where detrimental novel interactions may occur, and so allow 

managers to make informed decisions around translocations and weed control.  

 

Novel interactions may form along any of the numerous pathways through which species typically 

interact. Novel trophic and dispersal interactions are common, for example Carnaby’s cockatoos 

(Calyptorhynchus latirostris) foraging in exotic pine plantations (Williams et al. 2017) and non-

native brushtail possums (Trichosurus vulpecula) dispersing fungal spores in New Zealand (Wood 

et al. 2015). Novel interactions can also form through ecosystem engineering pathways, such as 

native cushion plants (Azorella monantha) facilitating the distribution and performance of non-

native plants by creating habitat patches with less extreme environmental conditions (Badano et al. 

2007). Novel interactions do not necessarily significantly alter ecosystem structure or function, such 

as when they compensate for the loss of a traditional interaction, like the pollination of native plants 

by non-native honeybees (MacIvor et al. 2017). However, novel interactions can have severe 

consequences, particularly when predators are introduced to islands. For example, predation by non-

native wolf snakes (Lycodon capucinus) has caused the extinction in the wild of much of Christmas 

Island’s native lizard community (Emery et al. 2021). In this thesis, I show that novel interactions 

have formed between native digging mammals and non-native plants and animals through multiple 

pathways – ecosystem engineering (Chapters 3 and 4) and dispersal (Chapter 5). These interactions 

could have detrimental impacts on other ecosystem elements – for example, buffel grass (Cenchrus 

ciliaris), whose seedlings were significantly more abundant in foraging diggings on Faure (Chapter 

3), can out-complete native plants and alter fire regimes (Marshall et al. 2012). In safe havens like 

my study sites the novel interactions between digging mammals and non-native plants and animals 

may be addressed by controlling or eradicating the non-native species. For example, eradicating 

rabbits from an enclosed area of limited size is feasible and has been achieved in several locations 

(e.g. Munro et al. 2009, Australian Wildlife Conservancy 2021). However, Australian translocation 

practitioners are working towards expanding translocations of digging mammals to areas outside of 

safe havens (e.g. Moseby et al. 2018a, Pedler et al. 2018) and control or eradication of species like 

rabbits from unbounded landscapes is currently infeasible. While successful translocations of 

threatened mammals to areas outside of safe havens will be a major conservation win, it could come 

with unexpected pitfalls if interactions with novel ecosystem elements are not considered and 

addressed. 
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Translocations for restoration 

Translocations designed to facilitate ecosystem restoration are becoming more common, and there 

are increasing calls for translocation restoration goals to be focused on restoring functions, rather 

than aiming towards arbitrary historic ecosystem states (Seddon et al. 2014). However, my findings 

in Chapters 3-5 show that not all results of successfully restoring a function may be desirable from 

an ecosystem restoration perspective. I show that the presence of novel ecosystem elements (e.g. 

non-native plants) means that the re-establishment of a functional role (e.g. facilitating germination 

through the creation of foraging diggings) can produce results that could be considered detrimental 

to overall restoration goals (e.g. increased abundance of non-native plants). This highlights an area 

that is currently missing from the planning and risk assessment processes for most translocations. 

Translocation and restoration practitioners need to consider not only which ecosystem functions 

require restoring, but also what the results of the return of those functions are likely to be in the 

context of the current state of the ecosystem. This would ideally involve not just an assessment of the 

likely historical functions of the species under consideration for translocation, but also how the 

presence of novel ecosystem elements and/or altered environmental conditions may influence the 

outcome of the species’ ecosystem functions being restored.  

 

The IUCN translocation guidelines are clear about the need to weigh up all the risks and benefits of 

a translocation during the planning stage, including the need to consider whether the roles of the 

focal species may differ between the source and release sites (IUCN/SSC 2013). My findings provide 

some of the fundamental information required to properly assess all of the risks and benefits of 

translocating Australian digging mammals for the purpose of ecosystem restoration. This includes 

the first comprehensive study of the effects of inhabited boodie warrens on soils and vegetation 

(Chapter 4), the identification of the potential role of digging mammals in seed dispersal (Chapter 

5), and a description of which micro-scale digging effects accumulate to produce landscape-scale 

change (Chapter 6). I show that reintroduced digging mammals have the potential to contribute 

positively to restoration goals (e.g. by reducing soil compaction; Chapter 6), but also highlight some 

potential risks that are currently rarely considered. Understanding both the potential beneficial and 

‘negative’ effects of digging mammals is crucial for translocation practitioners using their 

reintroduction as part of ecosystem restoration programs. My hope is that this thesis and the papers 

contained within it will draw attention to the need to consider interactions with novel elements 

during translocation planning and post-release monitoring, and will encourage a future-focussed 

approach that considers how digging mammals are likely to function in the altered ecosystems that 

now exist. 
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Implications and conclusions 

What constitute appropriate goals for restoration projects have long been debated in restoration 

ecology (Hallett et al. 2013), and, of course, will depend on the project context. The restoration of 

degraded native habitat may aim towards a particular historical state (if one can be defined), while 

in agricultural systems or mine site rehabilitation the aim may be to improve productivity or prevent 

further degradation, irrespective of whether the resulting ecosystem approximates a historic state. 

The inclusion of ecosystem restoration as a legitimate type of conservation translocation (IUCN/SSC 

2013) means reintroduction biologists are now debating similar questions. Should translocation 

programs aim to restore historical species assemblages, restore the ecosystem functions provided by 

historical species assemblages (irrespective of what species actually provide those functions), or 

both? Again, the answer to this question lies somewhat within the context of the situation. However, 

program goals can be separated into two types: fundamental and means goals (i.e. the difference 

between the ultimate project aspirations and aspects that are important only because they facilitate 

the achievement of the fundamental objectives) (Gregory et al. 2012). Translocation projects often 

confuse these goal types, leading to a mismatch between management actions and definitions of 

success (Ewen et al. 2014). My findings, particularly in relation to novel interactions, have led me to 

realise that aiming to restore a species’ ecosystem function is actually a means goal. Although rarely 

acknowledged or defined, the fundamental goal of most “translocation for restoration” programs is, 

I believe, functioning healthy ecosystems. The return of species’ functions may contribute to this but, 

as previously discussed, can also result in adverse outcomes through interactions with novel 

ecosystem elements.  

 

There is still much to be learned about the ecosystem roles of Australia’s digging mammals and how 

they can be utilised to achieve restoration goals. The establishment of new reintroduced populations 

will allow us to extend studies into new habitat types and provide us with the opportunity to conduct 

pre-reintroduction baseline surveys and use more powerful BACI (before-after-control-impact) 

experimental designs, something which is largely missing from the existing body of work. The 

emergence of new technologies, such as drones, is now facilitating the study of aspects that were 

previously out of reach, as demonstrated in Chapters 4 and 6. This thesis has contributed to the 

growing understanding of many of the engineering roles of digging mammals, but I believe the field 

would now benefit from more holistic studies that seek to understand how the multiple roles (e.g. 

engineering, trophic and dispersal) of digging mammals combine to influence ecosystem structure. 

Further investigations into when, where and how interactions between reintroduced digging 

mammals and novel ecosystem elements form, and the resulting impacts on ecosystems, will help 

translocation practitioners and managers to set appropriate, achievable goals, and to enact 

management interventions designed to circumvent undesirable outcomes. The methods I used in 

Chapters 3 – 6 could be adapted for use in monitoring programs designed to assess progress against 
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goals relating to the restoration of the ecosystem functions of digging mammals and to detect the 

occurrence of undesirable novel interactions.  

 

Australian digging mammals are ecosystem engineers and the loss of so many of these species from 

so much of Australia has undoubtedly contributed to ecosystem change and degradation. 

Fortunately, the research contained within this thesis shows that reintroduced populations of these 

species can also contribute significantly to shaping the structure and function of their ecosystems. In 

a world that is experiencing ever-increasing rates of change, Australian digging mammals are 

forming new interactions with ecosystem elements they have no evolutionary history with. These 

interactions have the potential to drive ecosystems further from their historical states, and, perhaps 

of more relevance, further from the ideal state of most land managers. Given the poor conservation 

status of so many of Australia’s digging mammals, translocations and reintroductions are likely to 

continue to be an integral part of securing their continued persistence. Their potential to facilitate 

undesirable novel ecosystem elements should not hinder this important work. However, by 

acknowledging this potential and working to understand how, when and where digging mammals 

form novel interactions, any undesirable effects of reintroducing these species can be more effectivity 

mitigated, hence ensuring a future that includes digging mammals in functioning, healthy 

landscapes.   
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