
 

 

 

 

 

 

 

 

 

Conservation status of bioturbator mammals and their 

potential role in restoring degraded agricultural landscapes 

 

Gabrielle Cristina Beca 

M.Sc. 

 

 

 

 

 

 

 

 

 

 

 
 

This thesis is presented for the degree of Doctor of Philosophy of  

The University of Western Australia 

School of Biological Sciences 

Ecology 

2021



 

ii 

THESIS DECLARATION 
 

 

 

I, Gabrielle Cristina Beca, certify that: 

 

This thesis has been substantially accomplished during enrolment in this degree. 

This thesis does not contain material which has been submitted for the award of any 

other degree or diploma in my name, in any university or other tertiary institution. 

In the future, no part of this thesis will be used in a submission in my name, for any 

other degree or diploma in any university or other tertiary institution without the prior 

approval of The University of Western Australia and where applicable, any partner 

institution responsible for the joint-award of this degree. 

This thesis does not contain any material previously published or written by another 

person, except where due reference has been made in the text and, where relevant, in the 

Authorship Declaration that follows.  

This thesis does not violate or infringe any copyright, trademark, patent, or other rights 

whatsoever of any person. 

The research involving animal data reported in this thesis was assessed and approved 

by The University of Western Australia Animal Ethics Committee. Approval 

RA/3/100/1655. The research involving animals reported in this thesis followed The 

University of Western Australia and national standards for the care and use of 

laboratory animals. 

The following approvals were obtained prior to commencing the relevant work 

described in this thesis: 

- Conservation land Management Regulations and Regulation 4 authority (Dryandra 

Woodland CE005758). 

- Licences to take flora for scientific purpose (Dryandra Woodland SW019501). 

This thesis contains published work and work submitted for publication, some of 

which has been co-authored.  

 

 

Signature: 

 

Date: 22/04/2021 

 

 



 

iii 

ABSTRACT 
 

 

Soil-disturbing mammals are considered to be important ecosystem engineers. While 

searching for subterranean resources, building shelter, or nesting underground, they 

modify habitat characteristics and affect the availability of resources to other species. 

These animals’ activities are also likely to create important sites for seed germination 

and fungal activity. In this thesis, I evaluate the conservation status of bioturbator 

mammals around the world, experimentally test the benefits that Australian digging 

mammals can provide in restoring degraded landscapes through improving soil health 

and promoting seedling recruitment, and assess the potential role of these animals as 

seed dispersers. 

 

First, in Chapter 2, I examined global trends in the distribution, conservation status and 

threats of the world’s bioturbator mammals and summarised the roles these species play 

in ecosystem engineering related to soil processes. I searched the data available on 3932 

non-flying land-dwelling mammals recorded in the International Union for 

Conservation of Nature (IUCN) Red List website. Using existing literature and online 

databases, I established that 22% of mammals accessed can be considered as 

bioturbators, of which 16% are threatened, 2% are already extinct and 8% are classified 

as data deficient. Although the majority of bioturbator mammal species are found in 

Asia, Oceania is the continent with the highest proportion of threatened and extinct 

species, while Central and South America have the highest proportion of species 

classified as data deficient. The main threats to most bioturbator mammal species are 

activities related to agriculture and aquaculture. 

 

In Chapter 3, I examined whether woylies (Bettongia penicillata ogilbyi), an Australian 

digging marsupial, can act as potential agents in restoring degraded landscapes. I used 

artificial diggings that mimicked natural foraging pits to examine soil properties, fungal 

diversity, and plant recruitment of three native species (Gastrolobium calycinum, 

Acacia acuminata and Santalum spicatum). The study was carried out across a range of 

land use and vegetation types in the southwest of Western Australia, a global 

biodiversity hotspot that has undergone extensive modification, where woylies have 

historically occurred or are still present. My results suggest that foraging pits of woylies 

can positively influence soil compaction, soil moisture conditions and seedling 
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recruitment in different land-use types. Their role in changing soil nutrients and fungi, 

however, requires further study. 

 

In Chapter 4, I evaluated the role of woylies in facilitating seedling recruitment. I 

investigated seedling growth, nutrient levels and mycorrhizal fungi in fresh and old 

foraging diggings of woylies. Soil was collected from the base of fresh and old foraging 

pits, the associated spoil heaps and adjacent undisturbed soil. Seeds of two native plants 

(G. calycinum and Eucalyptus wandoo) were then added to the soil under glasshouse 

conditions, where the growth of seedlings was measured over five months and 

rhizosphere fungal diversity and community were examined by High Throughput 

Sequencing analysis. Foraging activities by woylies improve soil nutrient availability, 

promote fungal diversity and create favourable microsite conditions for seed 

germination and growth. 

 

Finally, in Chapter 5, I assessed the role of two Australian digging mammals in seed 

dispersal. I tested the rate at which quenda (Isoodon fusciventer) and woylies pass seeds 

through their digestive tract and the germination capacity of seeds retrieved from their 

scats compared to unconsumed seeds. The study showed that viable seeds, capable of 

germinating under laboratory conditions, are deposited in the scats of quenda and 

woylies. Only 42% of the consumed seeds were retrieved whole from the scats, 

suggesting that quenda and woylies may also act as seed predators. However, the high 

viability and germination of some seeds retrieved from the scats indicate that these 

mammals may also play a role in seed dispersal through endozoochory. 

 

The overall results of this study provide evidence of the role that bioturbator mammals 

play in ecosystems in improving soil properties and fungal diversity, which in turn 

create favourable microsite conditions for plant germination. I have also shown that 

Australian digging marsupials, whose diet consists of seeds, deposit viable seeds in their 

scats, and may play a larger role in seed dispersal than previously anticipated. These 

findings can help inform restoration projects, the outcomes of which could be enhanced 

by incorporating the positive influences of bioturbator mammals into the restoration 

design.  
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CHAPTER 1 
 

 

GENERAL INTRODUCTION 

 

Bioturbation and ecosystem engineers  

 

The action of biological reworking of soils and sediments is referred to as bioturbation 

(Wilkinson et al. 2009), and soil disturbing organisms, terrestrial and aquatic, affect 

much of the Earth's surface. Animals that regularly move soil or substrate to search for 

subterranean resources, build shelter, nest underground, or ingest and defecate sediment 

grains are called bioturbators (Meysman et al. 2006). The diversity of bioturbators is 

vast, ranging from small invertebrates such as crustaceans (Bertics and Ziebis 2009), 

insects (Jouquet et al. 2016) and annelids (Piron et al. 2012) to larger vertebrates, 

including fishes (Rice and Johnstone 1972), amphibians (Wood and Richardson 2010), 

reptiles (Fenner et al. 2012), birds (Orwin et al. 2016) and mammals (Whitford and Kay 

1999). Charles Darwin was the pioneer in observing and acknowledging that even 

small-scale disturbance in the soil can have long-term consequences at larger scales, 

influencing ecosystem functioning and processes of landscape development. (Darwin 

1892). Since their actions modify the biotic and abiotic characteristics of their habitat, 

affecting other species directly or indirectly, bioturbator animals are often considered 

ecosystem engineers (Jones et al. 1994, Coggan et al. 2018).  

 

Terrestrial bioturbator mammals play an important role in influencing ecosystem 

processes around the world (Davidson et al. 2012, Mallen‐Cooper et al. 2019). During 

their excavation activities, bioturbator mammals mix horizontal layers through soil 

turnover, altering soil physical and chemical properties (Alkon 1999). By breaking the 

soil crust, they incorporate organic matter into the soil, promoting nutrient-rich patches 

at a local scale (Platt et al. 2016), especially in arid environments (Clark et al. 2016). 

The excavated area often captures sediments, leaves and small branches, which 

decompose more rapidly due to altered microclimatic conditions and water infiltration 

(Garkaklis et al. 1998). Seeds may also benefit from the safe sites that protect them 

against predators (Radnan and Eldridge 2017), increasing seedling emergence success 

(Boeken et al. 1995). At the same time, the excavated soil is likely to cover the surface 

plant litter, increasing its decomposition and releasing the nutrients back to the soil 

(Austin et al. 2009), influencing plant growth rates (Valentine et al. 2018a, Ross et al. 
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2020). Additionally, digging mammals may also affect ecosystem functioning by 

creating important sites for soil microbial activity (Miranda et al. 2019), and providing 

refuge habitat for many other animal organisms (Haussmann et al. 2018). 

 

The engineering activities of terrestrial soil-foraging mammals can promote changes in 

both soil chemical and physical properties (Hagenah and Bennett 2013, Decker et al. 

2019, Ross et al. 2019). For instance, burrows of the European badger (Meles meles) 

break the acid topsoil stratification, which is characteristic of temperate forests. They 

move material from deeper layers to the surface, decreasing soil acidification and 

increasing levels of nutrients such as potassium, calcium, magnesium and phosphorus 

(Kurek et al. 2014). Similarly, wild boars (Sus scrofa) mix forest floor debris while 

searching for food, redistributing soil organic carbon in the soil profile and enhancing 

carbon stores in the long term (Don et al. 2019). Overall, the physical displacement of 

soil during soil excavation activities rearranges soil particles into less densely-packed 

aggregates with larger pores present in between (Davies et al. 2019, Halstead et al. 

2020). Soil mounds created by pocket gophers (Thomomys talpoides) and Olympic 

marmots (Marmota olympus), for instance, were found to be less compacted than soils 

in adjacent, undisturbed locations (Whitesides and Butler 2016). Such soil looseness 

enhances both infiltration and the capacity to hold water that would otherwise flow 

across the undisturbed soil surface (Wilson and Smith 2015). 

 

The persistence of bioturbator mammals is crucial for maintaining a range of ecosystem 

processes as well as for overall biodiversity conservation. Many of these mammals are 

considered keystone species, helping to establish and sustain ecosystem structure. 

Prairie dogs (Cynomys spp.), for example, play an essential role in maintaining 

grassland ecosystems (Kotliar et al. 1999). While their herbivory activities reduce 

overall plant biomass (Ponce-Guevara et al. 2016), their burrowing activities improve 

water infiltration into the soil (Martínez-Estévez et al. 2013) and increase levels of soil 

nutrients and plant establishment in the mounds (Davidson and Lightfoot 2008). The 

excavations by these animals provide important belowground habitats for invertebrates 

and amphibians, reptiles, birds and mammals (Davidson and Lightfoot 2007, Tyler 

2015). At the landscape scale, their colonies attract species that prefer open grassland 

habitats, which, at the same time, are more likely to be detected by predators that are 

consequently also attracted to the area (Grassel et al. 2015). Thus, the loss of such 

bioturbator mammals may alter key ecosystem processes, compromising ecosystem 
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health and triggering cascading effects that may also contribute to declines in associated 

species (Davidson et al. 2012, Fleming et al. 2014). 

 

Australian digging mammals as potential habitat restoration agents 

 

Many of the world’s bioturbator mammals are threatened (Davidson, Detling & Brown, 

2012; Fleming et al., 2014). Overall, Australia has the world’s worst recent mammal 

extinction record, with thirty of Australia’s terrestrial mammal species now being 

extinct since European settlement (Woinarski et al. 2015a, Woinarski et al. 2019). 

Australian digging mammals are particularly vulnerable. Many digging mammals 

species have disappeared from most Australian landscapes, and of the remaining 

marsupials and monotremes, more than 70% have an IUCN threatened status (Fleming 

et al. 2014, IUCN 2020). A combination of factors, including habitat loss and 

degradation, altered fire regimes and the predation by the introduced red fox (Vulpes 

vulpes) and feral cat (Felis catus), have resulted in considerable declines in Australian 

mammals (McKenzie et al. 2007, Woinarski et al. 2019). The reintroduction and 

translocation of native mammal bioturbator species to safe environments, such as 

islands or fenced areas has been increasingly used as part of a conservation response to 

these declines (Legge et al. 2018, Halstead et al. 2020).  

 

There has been increased recognition of the potential role these translocated species can 

play as ecosystem engineers in re-establishing and restoring ecosystem structure and 

processes (Palmer et al. 2020). Increasing numbers of studies are providing evidence of 

the impact of reintroduced digging mammals on ecosystem properties. For instance, in 

arid areas where digging mammals have been reintroduced, their foraging pits had 

higher concentrations of carbon compared with the surface soils (James and Eldridge 

2007). This is due to the decomposition of organic matter in the pit (Alkon 1999), which 

results in nutrient hotspots at local scales (Sherrod and Seastedt 2001, Davies et al. 

2019). Soil disturbances by mammals also influence fungal community composition and 

vegetation (Clarke et al. 2015, Valentine et al. 2018a). In a predator-proof area where 

woylies (Bettongia penicillata ogilbyi) and quenda (Isoodon fusciventer) had been 

reintroduced, greater above-ground seedling biomass was observed, as well as marked 

differences in fungal assemblages, especially arbuscular mycorrhizal fungi (Dundas et 

al. 2018). 
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The translocations of digging mammals have, however, mostly occurred on uncleared 

landscapes, since projects predominantly focus on the conservation of the translocated 

species (Palmer et al. 2020). Thus, little attention has been given to how digging 

mammals may assist in the restoration of habitats that have undergone more intensive 

human modification (Eldridge et al. 2016). Given the potential role digging mammals 

play in modifying habitat characteristics, the addition of soil disturbance by their 

excavation activities may help in restoring soil health and improving native plant 

establishment in degraded areas. Moreover, interactions between mammals and seeds 

may also be relevant in a restoration context, but has been relatively little studied in 

Australian ecosystems. Seeds form an important dietary component for many Australian 

marsupials (Bice and Moseby 2008, Zosky et al. 2018), and dispersal of consumed seed, 

i.e. endozoochory, by mammals in other parts of the world has shown to be efficient and 

to contribute to the reforestation of degraded areas (Cantor et al. 2010b, Junges et al. 

2018). 

 

However, in most Australian ecosystems, myrmecochory, i.e. seed dispersal by ants, is 

commonly considered the main faunal seed dispersal process (Morton 1985). Most 

Australian seed removal studies have occurred in areas where native mammals are no 

longer functionally present, due to the high predation rates by introduced predators 

(Woinarski et al. 2019). Consequently, this may have erroneously led to the historical 

views that mammals do not play important roles in seed dynamics. In areas where 

bettongs were previously absent and were reintroduced, they were shown to remove 

many more seeds than ants (Mills et al. 2018b). Such studies are important in 

recognising the role of these mammals as seed predators and suggest that Australian 

mammal-seed interactions may be more important than previously thought. Overall, 

there has been limited research on the potential ability of Australian digging mammals 

to act not just as seed predators but also as seed dispersal agents through endozoochory. 

 

Australia has many plant species with seed dormancy adaptations requiring stimulants 

such as heat and smoke to trigger seed germination (Sweedman and Merritt 2006). 

Physical dormancy is an adaptive trait that acts to prevent seed germination when 

environmental conditions are suitable for germination, but not favourable for seedling 

survival (Merritt et al. 2007). Seed ingestion by mammals may alleviate seed dormancy 

(Traveset 1998), and deposition in faeces may provide moisture and nutrients, 

enhancing germination rates (Traveset et al. 2007a, Lessa and da Costa 2010). The time 
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it takes for an animal to pass a seed through its digestive tract is important in 

determining the effectiveness of the dispersing agent. Although longer gut passage 

times may result in the dispersal of propagules over greater distances (Petre et al. 2015), 

if gut passage times are too long seeds may also be damaged or lose viability (Traveset 

et al. 2016b). A few studies involving Australian mammals showed that quokka 

(Setonix brachyurus) and gilbert’s potoroos (Potorous gilbertii) can pass viable seed in 

their faeces (Cochrane et al. 2005b). Still, there have been few investigations into the 

impact of gut passage time of seeds in Australian marsupials, seed germination viability 

post-consumption, or the potential role of these animals in breaking seed dormancy. 

 

Thesis aims and structure 

 

Many of the world’s bioturbator mammals are threatened (Davidson et al. 2012, 

Fleming et al. 2014), but little is known about the basic ecology, distribution trends and 

life history of the many species that play a role in soil disturbance (Lacey and Patton 

2000, Superina et al. 2014). Despite the ecological role they play in ecosystem 

functioning, little attention has been given to the conservation status of these mammals 

at a global scale. Considering the current rates of defaunation worldwide (Dirzo et al. 

2014), better understanding of the conservation status of bioturbator mammals is 

important so that effective conservation measures can be developed. Additionally, there 

is a need for increased understanding of the potential role that bioturbator mammals 

may play as facilitators of ecological restoration through their digging activities. The 

potential role of soil-disturbing mammals as effective seed dispersers may also increase 

their usefulness to the restoration of ecosystems. The lack of knowledge about the 

relative importance of Australian mammalian seed dispersal could have important 

ramifications for the management of both the mammals themselves and the ecosystems 

in which they live. In this thesis, I evaluate the conservation status of bioturbator 

mammals around the world, experimentally test the benefits that Australian digging 

mammals can provide in restoring degraded landscapes through improving soil health, 

fungi activity and seedling recruitment, and examine the potential role of these animals 

as seed dispersers (Fig. 1). 
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Fig. 1. Schematic representation of the conservation status of bioturbator mammal 

species worldwide based on the International Union for Conservation of Nature – IUCN 

(EX – extinct; CR – critically endangered; EN – endangered; VU – vulnerable; NT – 

near threatened; LC – least concern; DD – data deficient), and some processes that may 

be altered by digging of woylies (Bettongia penicillata ogilbyi), in the south-west 

Australia, while these animals forage to search for subterranean food resources. The 

foraging activities of woylies break the soil crust, which allows the water to infiltrate 

into the soil, may increase the capture of organic matter and seeds, promoting seedling 

recruitment and symbiotic mycorrhizal fungi associations. Chapter 2 investigates the 

global status of bioturbator mammals and summarises the roles these species play in 
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ecosystem engineering related to soil processes. Chapter 3 examines the influence of 

diggings of woylies on soil compaction, moisture content, nutrient levels, fungi activity 

and seedling recruitment. Chapter 4 evaluates seedling recruitment in fresh and old 

foraging diggings of woylies, associated to soil nutrients and fungi activity. Chapter 5 

explores the role of Australian digging marsupials as seed disperser.  

 

In Chapter 2, my research question is “what is the conservation status of bioturbator 

mammals around the world?”. I searched the data available on non-flying land-dwelling 

mammals in the International Union for Conservation of Nature (IUCN) Red List 

website and used existing literature and online databases to determine whether the 

species could be considered a bioturbator mammal. Then, I examined the conservation 

status and threats the species considered to perform soil disturbance activities may be 

experiencing. This Chapter highlights the need to understand the global status of 

bioturbator mammals and summarises the roles these species play in ecosystem 

engineering related to soil processes, which are further investigated in Chapters 3 and 4 

(Fig. 1). 

 

The experimental Chapters 3 and 4 were carried out in the Wheatbelt region in the 

south-west of Western Australia. The area is recognised as one of the world’s 

biodiversity hotspots of conservation priority, with approximately 50% of over 8,000 

native vascular planta taxa described as being endemic and about one-third being of 

conservation concern (Gioia and Hopper 2017). Many parts of Western Australia have 

undergone extensive habitat modification, but perhaps none more so than the Wheatbelt 

region where about 93% (18 million ha) of the original vegetation has been cleared for 

agricultural development (Saunders 1989). Restoring native vegetation is seen as a 

priority for conservation and ecosystem health reasons. Where farmland is abandoned, 

recolonization by native plants is slow to non-existent, even many years after 

abandonment (Yates and Hobbs 1997, Arnold et al. 1999). This is mainly due to the old, 

deeply weathered soils (White 1994), seed dispersal limitations and competition with 

non-native grass and forb cover (Standish et al. 2007), which make it difficult for the 

native plant community to return without assistance. Hence, active restoration is usually 

required in order to return areas to native vegetation. 

 

Historically, the Wheatbelt region would have supported at least nine digging mammal 

species (Valentine 2014), most of which decreased drastically in abundance or became 
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extinct from the area between the 1880s and 1920s (Abbott 2008). Quenda, numbats 

(Myrmecobius fasciatus), echidnas (Tachyglossus aculeatus) and woylies are still 

present in a few areas in the Wheatbelt region, but at much lower numbers than prior to 

clearing for agriculture. Woylies, or brush-tailed bettongs, are a small Australian 

marsupial and critically endangered species (IUCN 2020), due mainly to the predation 

by the introduced predators (McKenzie et al. 2007). The species now only occurs 

naturally at Dryandra Woodland and Upper Warren in the southwest of Western 

Australia, which retain the biggest remaining woylie populations (Groom 2010, Wayne 

et al. 2013). Woylies are specialized in feeding on fungi, tubers, soil invertebrates, 

leaves and seeds (Zosky et al. 2018) and play an essential role in the dispersal of 

mycorrhizal fungi spores (Lamont et al. 1985). This is important for soil-plant 

associations since the fungi can increase nutrient availability, especially in landscapes 

characterised by phosphorus and nitrogen deficiency (Clarke et al. 2015). Bettongs like 

woylies are also known to exhibit seed-caching behaviour and move seeds far from the 

source while scatter hoarding seeds, modifying vegetation distribution and regeneration 

(Murphy et al. 2015). During foraging for food, it has been estimated that one individual 

throughout the year can turnover 4.8 tonnes of soil (Garkaklis et al. 2004). Diggings of 

woylies also significantly reduce soil-water repellency in the short-term in eucalypt-

dominated habitats (Garkaklis et al. 1998), increasing water infiltration into the soil. 

Therefore, woylies are considered important ecosystem engineers as their foraging 

activities affect soil turnover, water infiltration, soil moisture, fungi and vegetation 

dynamics (Garkaklis et al. 1998, Garkaklis et al. 2004, Murphy et al. 2015, Dundas et 

al. 2018) (Fig. 1). The experimental work presented in this thesis examines various 

aspects of the effects of woylie activities on ecosystem characteristics and processes. 

 

In Chapter 3, I examine the effects of woylies on plant recruitment and soil properties in 

a modified landscape by asking “can digging mammals act as potential agents in 

restoring degraded landscapes?”. I evaluated the effect of soil disturbance by foraging 

activities of woylies by using artificial diggings that mimicked the natural diggings of 

these animals. The study was carried out across a range of land use and vegetation 

types. I assess whether digging mammals such as woylies could ameliorate some of the 

negative consequences of clearing for both cropping and grazing in sites under active 

restoration (UWA Ridgefield 32°30’S,116°59’E and Ballygin 32°31’S,116°51’E 

farms), and compare these with conservation areas (Dryandra Woodland 32°48’S, 

116°54’E and Highbury State Forest 52 33°08’S, 117°04’E), where woylies have 
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historically occurred or are still present. Detailed descriptions of each study site are 

provided in Chapter 3. This Chapter provides the first comprehensive look at multiple 

factors likely to be affected by foraging diggings in the context of different landscape 

legacies. 

 

In Chapter 4, I focus on the role of woylies as facilitators of seedling recruitment by 

asking “do foraging pits of digging mammals facilitate seedling recruitment?”. Using 

soil collected from Dryandra Woodland, I conducted soil analyses and used a 

glasshouse experiment to examine this question. I examined nutrient levels, seedling 

growth, and rhizosphere fungal taxa, diversity and community composition in fresh and 

old diggings created by woylies, comparing three locations along the foraging pit 

profile. This Chapter extends previous studies that evaluated the effect of digging 

mammals on seedling recruitment (e.g., Travers et al. 2012; Valentine et al. 2018; Ross 

et al. 2020) and provides insights on important animal-plant-fungal interactions. 

 

In Chapter 5, I explore the role that digging mammals may play in seed dispersal by 

asking “are Australian digging marsupials effective seed dispersers?”. I assessed the 

role of two Australian digging marsupials in seed dispersal. This research utilised 

captive animals at Native Animal Rescue (31°51’ S, 115°53’ E) in Malaga, Western 

Australia, which is a not-for-profit wildlife rehabilitation and release centre. I tested the 

rate at which quenda and woylies pass seeds through their digestive tract and the 

germination capacity of seeds retrieved from their scats compared to unconsumed 

control seeds. This Chapter expands the knowledge about the role of Australian 

marsupials in seed dispersal through endozoochory, which has not been considered an 

important contributor to Australian seed dynamics. 

 

Finally, in Chapter 6, I synthesise the key findings and integrate them across Chapters, 

exploring the challenges I faced during the development of this research. I discuss the 

general implications and contributions of the role of digging mammals related to soil 

processes, seed and plant dynamics towards the development of strategies for the 

restoration of human-modified landscapes. 

 

This thesis is presented as a series of Chapters that represent individual papers. Chapters 

1 and 6 are unpublished works presenting the general introduction and discussion, 

respectively. Chapters 3 and 4 are manuscripts prepared in publication format and will 
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be submitted to peer-review journals. Chapters 2 and 5 were already published in 

Mammal Review and Australia Mammalogy, respectively.  
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CHAPTER 2 
 

 

This Chapter takes a broad look at terrestrial mammals around the world to identify 

species that have an important role in soil disturbance and document their conservation 

status and threatening processes. My results show that of the 22% of mammal species 

that regularly perform bioturbation activities, 16% are threatened. Many species may 

also be going unnoticed, due to the little information available for 8% of the bioturbator 

species, which are categorised as data deficient.  

 

This Chapter was published in Mammal Review in September 2021 and has been 

reformatted for inclusion in this thesis. The front page of the published manuscript is 

provided in Appendix I.  

  

 

 

 

 

Burrow of a giant armadillo (Priodontes maximus)  

Pantanal MS – Brazil, September 2019 
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Abstract 

 

The action of biological reworking of soils is referred to as bioturbation, and many 

species of mammals globally have an important role in soil disturbance, modifying 

ecosystem characteristics. We examined global patterns in the distribution, conservation 

status and threats to the world’s bioturbator mammals, and illustrated the relevant roles 

these species play in ecosystem engineering related to soil processes and services. We 

searched the data available on 3932 non-flying land-dwelling mammals included in the 

International Union for Conservation of Nature’s (IUCN) Red List. Using existing 

literature and online databases, we determined that 869 (22%) of the non-flying land-

dwelling mammals accessed can be considered as bioturbators in three distinct groups: 

foragers (N = 123), semi-fossorial species (N = 652) and strictly fossorial species (N = 

94). Of the world’s bioturbator mammal species, 16% are threatened, 2% are already 

Extinct and 8% are classified as Data Deficient. Foragers have the highest percentage of 

threatened (35%) and Extinct (5%) species, while strictly fossorial species have the 

highest percentage of Data Deficient species (12%). Although the majority of 

bioturbator mammal species are found in Asia (32%), Oceania is the continent with the 

highest percentage of threatened (27%) and Extinct (11%) bioturbator species, while 

Central and South America have the highest percentage of species classified as Data 

Deficient (24%). The threats experienced by the greatest number of bioturbator mammal 

species are activities related to agriculture and aquaculture (29%), and biological 

resource use (22%). Soil bioturbation can improve ecosystem health by reducing soil 

compaction, increasing nutrient cycling, soil moisture, microbe diversity, plant 

recruitment and carbon storage. The loss of bioturbator mammals could trigger 

cascading effects throughout the ecosystems they inhabit. A better understanding of 
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their conservation status is important so that effective conservation measures can be 

developed. 

 

Keywords: bioturbation, conservation, digging, ecosystem engineers, ecosystem 

services, soil disturbance, terrestrial mammals (Mammalia). 

 

Introduction 

 

The action of biological reworking of soils and sediments is referred to as bioturbation 

(Darwin 1892). Through observations of earthworms in his garden, Charles Darwin 

(Darwin 1892) demonstrated that small-scale activities of earthworms in soil could also 

have long-term consequences at larger scales and potentially play an important role in 

the processes of landscape formation. More generally, animals that move soil to search 

for subterranean resources such as food and/or water, build shelter, or nest underground 

are termed bioturbators (Whitford and Kay 1999). Since the activities directly or 

indirectly affect the availability of resources to other species, bioturbation is recognised 

as an example of ecosystem engineering (Jones et al. 1994, Coggan et al. 2018).  

 

Bioturbator mammals modify both biotic and abiotic habitat characteristics, influencing 

ecosystem processes (Mallen‐Cooper et al. 2019) (Fig. 1). By disturbing the soil, these 

animals break the soil surface layer, increasing water infiltration, soil moisture, and the 

capture of organic matter (Miranda et al. 2019, Halstead et al. 2020). These animals can 

also contribute to improved soil health by increasing nutrient cycling through soil 

turnover, where the litter and debris are carried below the surface while deeper soils are 

unearthed, altering soil structure and composition (Reichman and Seabloom 2002, 

Valentine 2014, Platt et al. 2016). At the same time, the excavated soil covers the 

organic matter on the soil surface, increasing its decomposition and consequently 

releasing nutrients into the soil (Austin et al. 2009). In addition, bioturbation activities 

have the potential to provide safe sites for seeds to germinate, promoting seedling 

recruitment (Martin 2003, Radnan and Eldridge 2017), and provide important refuge 

habitat for many other animal species (Lamberto and Leiner 2019, Lindtner et al. 2019). 

 

Many of the world’s bioturbator mammals are threatened (Davidson et al. 2012, 

Fleming et al. 2014). However, despite their significant effects on soil processes, plant 

recruitment and habitat provision for other species (James et al. 2010, Desbiez and 

Kluyber 2013, Platt et al. 2016), little attention has been given to the conservation status 
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of this functional group at a global scale. Given their role in ecological interactions and 

ecosystem processes, it is important to understand how the current rates of defaunation 

(Dirzo et al. 2014) may impact bioturbator mammals in order to direct conservation 

actions. The aim of this paper is to examine their current global distribution and 

conservation status, draw attention to the threats this functional group may be 

experiencing and illustrate the importance of bioturbator mammals by providing 

examples of processes and services influenced by these animals worldwide. 

 

 

Fig. 1. Examples of bioturbator mammal species from each of the three groups 

identified (A, forager; B, semi-fossorial and C, strictly fossorial), and processes that 

may be altered when animals move soil to search for subterranean resources, build 

shelter, or nest underground. For example, foraging activities A) break the soil crust, 

which may increase the capture of organic matter and seeds, promoting seedling 
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recruitment and symbiotic mycorrhizal fungi associations. Burrows may also provide B) 

shelter, breeding and nesting sites for many other species. In addition, the excavated soil 

C) covers the surface litter, enhancing litter decomposition rates and releasing nutrients 

into the soil. 

 

Classification of bioturbators 
 

 

From the available data on the 5900 species of mammals present on the International 

Union for Conservation of Nature’s (IUCN) Red List, we searched for land-dwelling 

non-volant mammal species in order to identify how many of these species perform 

bioturbator activities. We based our search only on the species on the IUCN Red List, 

since this is the most comprehensive inventory of the global conservation status of 

biological species. The list of species is updated regularly, but we only included 

information about species that were available from October 2018 to April 2020, when 

searches were conducted. We did not include 1968 species, due to their flying or marine 

habits, but we did include freshwater-area associated species and species that are mostly 

arboreal but also spend time on the ground, for example, members of the Cricetidae and 

Sciuridae family. This meant that 3932 species were assessed for bioturbation activities. 

We used books (Nowak and Walker 1999, Wilson and Mittermeier 2009) and online 

databases (Google Scholar, Microsoft Academic and WorldWideScience, Web of 

Science, ScienceDirect, Scopus, JSTOR, and IUCN Red List website) in order to find 

reliable scientific publications from the last 30 years, in both English and Spanish, when 

available. When using online databases, we searched one species at a time, typing the 

species name followed by key terms ‘dig’ and/or ‘burrow’, to determine whether the 

species could be considered a bioturbator mammal. Although many species occasionally 

dig, here we consider a bioturbator mammal to be a species that is either an obligate 

digger or performs regular digging activities to meet foraging, nesting, or shelter 

requirements. When a species fitted in more than one group, we used the group with 

which the bioturbation activity of the species was most strongly associated. We 

determined that 869 species (representing 18 orders and 54 families) could be 

considered bioturbator mammals, 584 species were occasional diggers (but not 

considered bioturbator mammals in this review), 830 species did not appear to perform 

any bioturbation activities, and there was a lack of sufficient information to determine 

the bioturbation capacity of 1649 species. Most of the bioturbator mammal species are 

from the order Rodentia (n = 620, 71% of bioturbator mammals), with this group also 
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containing the greatest number of threatened (i.e. Critically Endangered, Endangered 

and Vulnerable on the IUCN Red List) species (n = 78, 55%) and Data Deficient 

species (n = 50, 72%) of all bioturbator species (Appendix S1). 

 

To examine different bioturbation groups, we placed each of the 869 bioturbator 

mammals into one of three categories: 1) foragers (n = 123 species, 14% of the 869) – 

mammals that dig to find subterranean resources, such as food and water (e.g. wild pigs 

Suidae, bettongs Potoroidae.; Fig. 1A); 2) semi-fossorial species (n = 652, 75%) – 

mammals that create burrows or warrens and regularly live underground (e.g. wombats 

Vombatidae, armadillos Cingulata; Fig. 1B); and 3) strictly fossorial species (n = 94, 

11%; e.g. mole-rats Spalacidae and Bathyergidae; Fig. 1C; Appendix S1). Next, using 

the IUCN Red List website (Appendix S2), we collated information on bioturbator 

mammal conservation status (IUCN category), continent, country of occurrence and 

ecoregion (i.e. habitat types), as well as threatening processes, then examined the 

percentage of threatened species per group. Although Central and South America have 

distinct ecoregions, due to the similarity between their mammal fauna, these regions 

were grouped together. We examined the global distribution of bioturbator mammals, 

based on the species’ geographic range data obtained from the IUCN Red List website, 

overlaying the ranges of 755 extant species (as the occurrence data of 114 species were 

not available) to produce a heat map in ArcMap 10.7.1 (ESRI) and identify hot spots of 

mammal bioturbator species richness. The IUCN Red List considers threats to species 

under 12 categories (Appendix S2), and a species may experience more than one 

threatening process. For each bioturbator mammal species, we recorded all threats listed 

and did not identify the primary threat.  Instead, we report on the number of species 

experiencing each of the threatening processes. When information about ecoregions and 

threats was lacking, we only used the species for which such data were available. 

 

Geographic range and habitats 

 

The majority of the 869 bioturbator mammal species are found in Asia (n = 281, 32%), 

followed by North America (n = 199, 23%), Africa (n = 167, 19%), Central and South 

America (n = 148, 17%), Oceania (n = 95, 11%) and Europe (n = 79, 9%; Fig. 2). Semi-

fossorial (n = 201, 31%) and forager (n = 44, 35%) mammal species, mainly dominated 

by Rodentia (rodents) and Cetartiodactyla (even-toed ungulates), respectively, are most 

numerous in Asia. Strictly fossorial mammal species, especially members of the order 
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Afrosoricida (golden moles and tenrecs) and Eulipotyphla (hedgehogs, shews and 

moles), are found mainly in Africa (n = 38, 34%) and Asia (n = 36, 38%), respectively.  

 

Temperate grasslands (n = 248, 29%) and subtropical and tropical dry shrublands (n = 

210, 24%) are the ecoregions with the greatest overall bioturbator mammal diversity. 

More forager species occur in subtropical and tropical moist montane (n = 57, 46%) and 

lowland forest (n = 53, 42%) ecoregions, while semi-fossorial species often occur in 

temperate grasslands (n = 190, 29%) and subtropical and tropical dry shrublands (n = 

158, 24%) ecoregions. Strictly fossorial species are often found in temperate grasslands 

(n = 44, 47%) and temperate forest (n = 30, 32%). 

 

 

Fig. 2. Global distribution of extant bioturbator mammal species (N = 755). Species’ 

occurrences were obtained from the IUCN Red List website geographic range maps and 

show where each species is native and currently present. The colour scale (left) 

indicates the number of overlapping species’ geographic ranges. 

 

Conservation status  

 

Of the 869 bioturbator mammal species, 142 (16%) are listed as threatened (i.e. 

critically endangered, endangered and vulnerable), 17 (2%) are already extinct and 69 

(8%) are classified as data deficient (Fig. 3A; Table S1). A similar pattern can also be 

observed for other functional groups including vertebrate pollinator species, of which 

16.5% are estimated to be threatened with global extinctions (Aslan et al. 2013). Large 

herbivores, on the other hand, are facing more dramatic population declines and range 

contractions, and 60% are threatened with extinction (Ripple et al. 2015).  
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The percentage of threatened species varied among different bioturbator groups. Of the 

123 forager species, 43 (35%) are threatened, six (5%) are Extinct and four (3%) are 

Data Deficient (Fig. 3B). Of the 652 semi-fossorial species, 84 (14%) are threatened, 11 

(1%) are Extinct and 54 (8%) are Data Deficient (Fig. 3C, Table S1). Of the 94 strictly 

fossorial species, 15 (16%) are threatened and 11 (12%) are data deficient (Fig. 3D, 

Table S1). Overall, foragers tend to have a higher proportion of threatened and extinct 

species while the strictly fossorial species have the highest proportion of data deficient 

species (Fig. 3B and D, Table S1). The group with the highest number of species 

classified as least concern are the semi-fossorials (N = 471, 72%; Fig. 3C), followed by 

the foragers (N = 63, 51%; Fig. 3B) and strictly fossorials (N = 62, 66%; Fig. 3D).   

 

 

Fig. 3. Conservation status (EX – extinct; CR – critically endangered; EN – endangered; 

VU – vulnerable; NT – near threatened; LC – least concern; DD – data deficient) of A – 

overall bioturbator mammals (N = 869), B – forager (N = 123), C – semi-fossorial (N = 

651) and D – strictly fossorial species (N = 94), based on IUCN Red List. 

 

The majority of threatened bioturbator species (N = 142) occur in Asia (N = 36, 25%), 

and Central and South America (N = 32, 22%). However, when comparing the 
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proportion of threatened bioturbator species occurring on each continent, Oceania 

clearly has the highest proportion of threatened (27%) and extinct (11%) bioturbator 

species (Fig. 4). Australia is considered to have the world’s worst record of recent 

mammal extinction (Woinarski et al. 2015b, Woinarski et al. 2019), with about 22% of 

the mammal fauna becoming extinct since European settlement, including many 

bioturbator species (Fleming et al. 2014). Gilbert's potoroo Potorous gilbertii is a small 

native Australian marsupial that lives in small groups and has curved claws on its 

forefeet that it uses to dig to search for food. Previously widely distributed throughout 

the southwest of Western Australia, it is now the most endangered marsupial in 

Australia and one of the world's rarest Critically Endangered mammals (Courtenay and 

Friend 2004). Gilbert's potoroo was presumed to be extinct until its rediscovery in 1994 

(Sinclair et al. 1996) and is locally restricted at only two sites with less than 50 mature 

individuals estimated remaining (IUCN 2020). 

 

Central and South America have the highest percentage of bioturbator species classified 

as Data Deficient (24%, Fig. 4). A species is classified as Data Deficient if there is 

inadequate information to assess its risk of extinction, which is based on the species’ 

distribution or population status. However, such classification can also lead to an 

incorrect interpretation, as species that have not been assessed could be thought not to 

be at risk, when in fact they do face a risk. In fact, Data Deficient species are most 

likely to be threatened (Jetz and Freckleton 2015), as their abundance is usually low and 

they may be cryptic, which makes it difficult to estimate their actual number and to 

determine their population trends. The same is likely to be true for Least Concern 

species, as this classification may not reflect recent or local threats or declines (Schipper 

et al. 2008, Rondinini et al. 2011a, Kestemont 2019). Funding and support for further 

scientific research on these species may be limited, since species already reducing soil 

compaction, and widely distributed throughout that region. They use their claws to 

construct burrows or dig into termite mounds to feed. Several armadillo species are 

categorised as Data Deficient, and basic information on their taxonomy, life history, and 

threats is scarce (Superina et al. 2014). Another example is provided by tuco-tucos 

Ctenomys spp., social rodents native to South America that spend the majority of their 

lives in underground excavated galleries (Lacey et al. 1997). The genus Ctenomys 60 

living species (Freitas et al. 2021), representing ~45% of all underground rodents of the 

world (Lacey and Patton 2000), and plays an ecological role equivalent to that of the 
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North American pocket gopher Geomyidae; however, 24 (40%) species are categorised 

as Data Deficient.   

 

 

Fig. 4. Conservation status (EX – Extinct, CR – Critically Endangered, EN – 

Endangered, VU – Vulnerable, NT – Near Threatened, LC – Least Concern and DD – 

Data Deficient) of the mammal species classified as performing bioturbation activities 

per continent, according to the IUCN Red List website classification. Percentages 

indicate the proportion of species threatened (CR, EN and VU) per continent. 

 

Despite most bioturbator mammals occurring in temperate grasslands and subtropical 

and tropical dry shrublands, the greatest number of threatened bioturbator mammal 

species occur in subtropical and tropical moist montane forest (N = 37, 26%) and 

lowland forest (N = 37, 26%) ecoregions. This is likely to be due to the high number of 

threatened forager species in these ecoregions (N = 22, 51% and N = 19, 49%, 

respectively). The majority of threatened semi-fossorial species are in temperate 

grasslands (N = 18, 22%) and subtropical and tropical dry shrublands (N = 17, 21%). 

Similarly, most of the threatened strictly fossorial species occur in temperate grasslands 

(N = 10, 67%). Grasslands cover 43% of the land surface, and are considered the most 

important environment for global human food provision (Lemaire et al. 2011). Conflicts 

between humans involved in livestock industries and burrowing mammals, such as 
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prairie dogs Cynomys spp. and plateau pikas Ochotona spp., are common in these 

habitats. Due to the high densities such species can reach, they are perceived as 

competing with livestock for grazing resources, and this has led to the persecution of 

these animals, and consequently to their decline (Ceballos et al. 2010, Delibes-Mateos 

et al. 2011, Foster et al. 2019). However, although often considered as pests, burrowing 

mammals can have a mutualistic relationship with livestock, and play synergistic roles 

in shaping the structure of ecosystems (Zhang et al. 2003, Davidson et al. 2010). 

 

Threats 

 

All of the 12 threat categories considered by IUCN Red List (Table S2) affected 

bioturbator mammals (Fig. 5), with at least one species experiencing each threat. 

However, some threatening processes affected more species than others, with activities 

related to agriculture and aquaculture (N = 251, 28.4%) and biological resource use (N 

= 194, 22%) (Fig. 5) affecting the most number of species. Threats were not listed, or 

were unknown, for 55% of species (N = 481: 45 foragers, 385 semi-fossorial and 51 

strictly fossorial). The threat categories that were the most numerous to each bioturbator 

group included: biological resource use threatening 27% (N = 61) of the forager species 

and activities related to agriculture and aquaculture threatening 29% (N = 162) of semi-

fossorial and 32% (N = 34) of strictly fossorial species (Fig. S3). In most of the 

geographic regions, including Central and South America, Africa, North America and 

Europe, activities related to agriculture and aquaculture affect the greatest number of 

bioturbator mammal species (N = 57 (38%), N = 44 (26%), 40 (20%), 21 (26%), 

respectively). In 2019, according to the IUCN Red List, of the 28,000 worldwide 

species evaluated to be threatened with extinction, activities related to agriculture and 

aquaculture were listed as one of the threats for 85% of them. The San Quintín kangaroo 

rat Dipodomys gravipes, for example, is an endemic rodent from Mexico that lives in 

burrows. Due to extensive habitat loss and agricultural expansion, Dipodomys gravipes 

had not been recorded since 1986 and was listed as Critically Endangered (possibly 

extinct) by the IUCN Red List in the late 2000s, only being rediscovered in 2017 

(Álvarez-Castañeda et al. 2008, Tremor et al. 2019, Cab-Sulub and Álvarez-Castañeda 

2020).  
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Fig. 5. The number of bioturbator mammal species facing different threatening 

processes (A – residential and commercial development; B – agriculture and 

aquaculture; C – energy production and mining; D – transportation and service 

corridors; E – biological resource use; F – human intrusions and disturbance; G – 

natural system modifications; H – invasive and other problematic species, genes and 

diseases; I – pollution; J – geological events; K – climate change and severe weather; L 

– other options). Threats were unknown or not listed for 481 species (55%). Percentages 

above bars indicate the proportion of bioturbator mammal species threatened by that 

process. Threats were categorized using the information provided in the IUCN Red List 

website, and a species can be threatened by more than one category. 

 

In Asia, biological resource use is the main threat for the majority of bioturbator 

mammal species (N = 80, 28%). Pangolins Manis spp. are severely over-exploited for 

human use, despite being listed in the Convention on the Trade in Endangered Wild 

Species. These myrmecophagous mammals dig burrows and tunnel through the soil, 

using their front claws to search for termites and ants (Irshad et al. 2015). They are 

traded illegally in Asia and Africa, being considered the “world’s most heavily 

trafficked mammal” (Zhou et al. 2014, Aisher 2016). In China, for example, the largest 

market globally, about 200,000 individuals are taken per year (Nijman et al, 2016).  
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In Oceania, invasive and other problematic species, genes and diseases is the main 

threat for almost half of all bioturbator mammals (N = 45, 47%). Introduced predators, 

particularly the red fox (Vulpes vulpes) and the feral cat (Felis catus) are the main 

causes of mammal decline and range contractions (McKenzie et al. 2007, Woinarski et 

al. 2015a) in Australia. Additionally, in contrast to the global trend of large body-sized 

mammals being susceptible to extinction (Ripple et al., 2015), ground-dwelling 

Australian mammals within a critical weight range, between 100 g and 5 kg (Johnson & 

Isaac, 2009), are especially vulnerable to predation by the introduced predators 

(Johnson & Isaac 2009; Murphy & Davies 2014).  

 

Bioturbator mammals as ecosystem engineers  

 

Bioturbator mammals play essential ecological roles in the environment they inhabit 

(Table 1). For example, in addition to their engineering activities, some herbivorous 

species of bioturbators alter plant community structure, maintaining vegetation patterns 

and landscape heterogeneity (Heske et al. 1993, Villarreal 2008, Guo et al. 2012a), 

while others serve as substantial prey for many predators (Clutton‐Brock et al. 1999, 

Davidson et al. 2012, Wheeler et al. 2015). Fungal spore dispersal by some bioturbator 

mammals is also important since fungi can increase nutrient availability to plants 

(Hawkins 1999, Clarke et al. 2015, Dundas et al. 2018, Vašutová et al. 2019). 

Nevertheless, bioturbator mammals may also promote undesirable non-native plants and 

drive declines in invertebrate predators and food resources (Hobbs and Mooney 1991, 

Eviner and Chapin III 2003, Gibb et al. 2021). In this study, however, we focused 

mainly on the ecosystem engineering activities performed by bioturbator mammals that 

affect or are directly linked to soil ecological processes, affecting the availability of 

resources to other organisms and/or providing a wide range of benefits to humans. 

Recent reviews in this field include a robust meta-analysis quantifying the impacts of 

soil-disturbing vertebrates on ecosystem processes, and incorporating phylogenetic 

analyses (Mallen‐Cooper et al. 2019), as well as a synthesis of literature, and 

accompanying database, on engineer fauna in terrestrial habitats (Coggan et al. 2018). 

Here, we complement these broad reviews by presenting a few key examples of 

processes and services influenced by bioturbator mammals in order to illustrate their 

importance, given the current scenario of human impacts and loss of species (Dirzo et 

al. 2014, Valiente‐Banuet et al. 2015). 
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Table 1. Examples of ecological roles performed by some bioturbator mammal species presented in this review. ↑ indicates an increase and ↓ a 

decrease. 

Ecological role Species Source 

Soil turnover 

↓ soil compaction 

↑ nutrient cycling 

↑ carbon storage 

↓ litter accumulation 

northern pocket gophers Thomomys talpoides 

Cape mole-rat Georychus capensis 

wild boars Sus scrofa 

pocket gophers Geomys pinetis 

Butler & Butler 2009 

Hagenah & Bennett 2013 

Don et al. 2019 

Clark et al. 2018 

Water infiltration disrupt hydrophobic surface layers 

↑ soil moisture 
plateau pikas Ochotona curzoniae Wilson & Smith 2015 

Microbe diversity ↑ mycorrhizal symbiosis  

↑ organic matter decomposition 

tuco-tuco Ctenomys sp. 

banner-tailed kangaroo rat Dipodomys spectabilis 

Miranda et al. 2019 

Hawkins 1996 

Seed dispersal and plant 

recruitment 

↑ seed germination 

↓ seed predation 

 

Indian crested porcupine Hystrix indica 

burrowing bettong Bettongia lesueur, greater bilby Macrotis 

lagotis, short-beaked echidna Tachyglossus aculeatus 

Boeken et al. 1995 

Radnan & Eldridge 2017 

Habitat refuge ↑ shelter and protection for other species giant armadillo Priodontes maximus Desbiez & Kluyber 2013 

Vegetation structure 
↓ plant biomass 

↑ spatial heterogeneity 
plain vizcacha Lagostomus maximus Villarreal 2008 

Fungal spore dispersal  ↑ access to water and nutrients by plants woylie Bettongia penicillata Dundas et al. 2018 

Prey species prey for carnivores black-tailed prairie dog Cynomys ludovicianus Davidson et al. 2012 
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Soil compaction 

 

Bioturbation activities can improve soil structure, arranging soil particles into less 

densely packed aggregates with larger pores present in between. This in turn, decreases 

soil compaction, while allowing greater water infiltration and favouring plant root 

penetration into the soil (Nawaz et al. 2013). Northern pocket gophers (Thomomys 

talpoides) are highly adapted to a tunnelling lifestyle. While burrowing, these animals 

mix soil materials, depositing them at the surface. Both gopher mounds and “eskers”, 

which is the redistributed soil deposited in snow tunnels during winter, showed to be 

less compacted than surface areas that were not affected by the gopher burrows (Butler 

and Butler 2009). In addition, the excavating activities by gophers while loosening soil 

may aid tree seedling establishment, due to the increased seedling root penetration in the 

soils. Likewise, translocated boodies (Bettongia lesueur) and eastern barred bandicoots 

(Perameles gunnii) in Australia reduced soil compaction while creating warrens (Palmer 

et al. 2021) or digging for food, respectively, particularly in open grazed pastures 

(Halstead et al. 2020). This in turn can be beneficial in restoring pasture growth and 

ameliorating the effects of stock trampling. 

 

Water infiltration and soil moisture 

 

By breaking the soil surface layer, bioturbator activities increase water infiltration and 

soil moisture into the soil, thereby reducing run-off (Guo et al. 2012b, Miranda et al. 

2019) and affecting seed germination capacity and plant growth (James et al. 2010). As 

an example, the plateau pika (Ochotona curzoniae) is a small burrowing mammal from 

the Qinghai-Tibetan Plateau and recognised as a keystone species for biodiversity and 

ecosystem functioning (Smith and Foggin 1999). It inhabits open alpine meadow and 

lives in social groups in a large warren of burrows. Burrowing activities of plateau pikas 

have been shown to increase water infiltration rates, especially during the summer rains, 

while reducing overland flow (Wilson and Smith 2015). In water repellent sandy soils, 

bioturbation activities can break the hydrophobic soil crusts, leading to reduced soil 

hydrophobicity and greater water infiltration in the digging (Garkaklis et al. 1998, 

Valentine et al. 2017). Similarly, in cool desert areas, burrows of small mammals 

increase water infiltration in comparison with undisturbed soils, while decreasing the 

accumulation of water on the surface (Laundre 1993). Thus, across the extensive arid 
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regions of the world, soil disturbance by fauna may be particularly important for 

improving soil conditions. 

 

Microbe diversity 

 

Soil-disturbing mammals are likely to create important sites for microbial and fungal 

activity, especially in arid environments (Eldridge et al. 2015). For example, Hawkins 

(1996) demonstrated that the soil mounds of burrow systems constructed by the banner-

tailed kangaroo rat (Dipodomys spectabilis), a granivorous rodent that occurs in the arid 

regions of the south-western United States and northern Mexico, had more abundant 

fungal colonies compared to areas distant from the burrows. This is mainly due to the 

concentration of organic matter in the excavated mounds producing sites of enhanced 

decomposition by microbes (Wainscott et al. 1990). A species of tuco-tuco (Ctenomys 

spp.) native to the Monte Desert, disperses coprophilous fungi underground in faecal 

pellets, which allows the fungi to get in contact with new root systems and protects 

them from the extreme desert temperatures and dryness (Miranda et al. 2020b). This 

also helps pioneer plants during early successional stages. Through the action of moving 

buried soil that contains viable arbuscular mycorrhizae spores and mycorrhizal root 

fragments, tuco-tucos provide improved conditions for plant development and growth 

(Miranda et al. 2019). 

 

Nutrient cycling 

 

Bioturbator mammals cause soil turnover, carrying litter and debris below the surface 

while bringing deeper soils to the surface. The mounds of excavated soil bury the 

organic matter on the surface, which decomposes faster than the surface litter (Austin et 

al. 2009), due to exposure to microbial and fungal communities (Beare et al. 1992), 

releasing the nutrients into the soil (Platt et al. 2016, Valentine et al. 2018a). Diggings 

also capture litter and debris, and the microclimatic conditions inside the pit increase 

decomposition and return of nutrients to the soil. In addition, as the digging ages, the 

mound erodes into it, covering the debris captured in the pit, affecting its composition 

and returning the nutrients into the soil (Alkon 1999). Mole-rats, such as the common 

mole-rat (Cryptomys hottentottus) and the Cape mole-rat (Georychus capensis), are 

herbivores that dig extensive burrows and occur sympatrically in southwestern South 

Africa. Their mounds were found to have higher levels of nutrients such as nitrogen, 
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magnesium, calcium, potassium and sodium compared with undisturbed soils (Hagenah 

and Bennett 2013). This is mostly due to the excavated soil burying plant material, 

resulting in local nutrient hotspots (Sherrod and Seastedt 2001), which in turn affect the 

aboveground vegetation composition (Sherrod et al. 2005). In another example, the 

European badger (Meles meles), a nocturnal and social burrowing mustelid native to 

Europe and some parts of Western Asia, can break the acid top soil stratification that is 

characteristic of temperate forest. While excavating, this animal moves material from 

deeper layers to the surface, decreasing soil acidification and increasing the levels of 

potassium, calcium, magnesium and phosphorus availability (Kurek et al. 2014). 

Meanwhile, the deposition of urine and faeces regularly left by some bioturbator 

mammals also results in soil fertilization and increases nitrogen concentrations (Wesche 

2007, Villarreal 2008). The creation of such fertile patchiness is particularly important, 

in arid and semi-arid regions (James et al. 2009). 

 

Plant recruitment 

 

Plant community structure can be altered by bioturbation activities, increasing 

landscape heterogeneity, or helping to maintain vegetation patterns (Noble et al. 2007, 

Davidson and Lightfoot 2008). Seeds that fall into burrows and diggings can be 

protected against predators (Radnan and Eldridge 2017). Ameliorated microclimatic 

conditions in the excavated area may also enhance seed germination and plant growth 

rates (Whitford and Kay 1999, Bragg et al. 2005, James et al. 2011). In the arid Negev 

Desert highlands of southern Israel, Indian crested porcupine (Hystrix indica) diggings 

promoted seed germination compared with the undisturbed soil surface, mainly due to 

altered soil moisture and nutrient levels inside the pit (Boeken et al. 1995, Alkon 1999). 

Gutterman et al. (1990) also noted that pioneer plant species dispersed by wind were the 

predominant species found in the porcupine diggings. After two or three years of 

colonisation, the porcupine diggings may start to function as a seed source. Runoff 

water and floating seeds accumulate in the excavated area during and after rain events, 

and the species persisted at the site even after the digging disappeared (Gutterman et al. 

1990, Boeken et al. 1995). 
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Fire regimes 

 

Wildfire is one of the major conservation and land management issues globally, and 

although necessary in many ecosystems, fire can cause enormous damage, especially 

when uncontrolled. Bioturbator mammals can influence fire regimes in many different 

ways, by altering litter accumulation and breakdown, and the composition of vegetation 

(Foster et al. 2020, Ryan et al. 2020). In addition, the action of excavating soil, which 

covers the surface litter layer, also potentially influences fuel load accumulation (Martin 

2003, Fleming et al. 2014, Clark et al. 2018) by altering the biomass, composition and 

distribution of litter. A study conducted in Australia where six previously extinct 

species of digging mammals were reintroduced found that leaf litter mass and 

percentage cover of leaf litter were significantly lower compared to where those animals 

were absent (Hayward et al. 2016). Such reduction shows the potential to reduce the 

risk of fire ignition and spread.  

 

Carbon storage 

 

Soils are the largest repository of carbon on Earth, storing much more of this element 

than the vegetation and the atmosphere combined (Schlesinger and Bernhardt 2013). 

Although plants fix carbon from the atmosphere, soil organisms regulate the rate at 

which organic matter and carbon enter and leave the soil during soil turnover activities 

(Crowther et al. 2019). Bioturbation may be important in the physical soil mixing that 

contributes to carbon uptake and soil carbon retention, though this has not been well 

studied (Wilkinson et al. 2009, Schmitz et al. 2018). Preliminary studies suggest that 

bioturbator mammals can provide a wide range of benefits to society in terms of 

regulating services, for example, through carbon storage (Eldridge and Koen 2021). 

When plant litter is trapped in diggings and burrows, its decomposition releases carbon 

into the soil instead of the atmosphere, which is where carbon is often released from 

decomposing surface litter (Austin and Vivanco 2006). Prairie dogs (Cynomys spp.) are 

considered keystone species and play an essential role in maintaining grassland 

ecosystems (Kotliar et al. 1999, Davidson et al. 2012), which are estimated to store 34% 

of the global terrestrial carbon (White et al. 2000). Martínez-Estévez et al. (2013) 

demonstrated that prairie dogs (Cynomys ludovicianus) had a strong positive effect on 

soil carbon storage, as well as other beneficial effects in the soil. They showed that soil 

carbon was higher in grasslands where prairie dogs were still present, compared to 
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where they were absent. Thus, the maintenance of prairie dogs in grasslands helps to 

store atmospheric carbon (Martínez-Estévez et al. 2013). Wild boars (Sus scrofa) are 

also effective soil disturbers as they search for food resources such as fruits, bulbs, 

small invertebrates and fungi, and are considered key bioturbators in forests (Singer et 

al. 1984). Long term field experiments conducted in forested areas in Germany showed 

that the foraging activities of wild boars mix forest floor debris, transferring soil organic 

carbon into the mineral soil without carbon losses (Don et al. 2019). This in turn can 

lead to a redistribution of soil organic carbon in the soil profile, enhancing carbon stores 

in the long term.  

 

Habitat provision for other species 

 

The excavations created by bioturbator mammals provide important refuge habitat for 

many other animal species, from invertebrates to vertebrates (Davidson et al. 2012, 

Šklíba et al. 2016, Hofstede and Dziminski 2017, Mukherjee et al. 2019). For example, 

the semi-fossorial giant armadillo (Priodontes maximus) in South America creates large 

temporary or more complex permanent burrows that are used by more than 50 species, 

including mammals, birds and reptiles, after abandonment (Desbiez and Kluyber 2013). 

The excavated soil in front of the burrow, especially when it is still fresh and moist, is 

also used by other animals to cool down (Aya-Cuero et al. 2017). Similarly, the burrows 

of aardvarks (Orycteropus afer), a nocturnal mammal found throughout southern 

Africa, provide shelter and protection from predators, as well as nesting and breeding 

sites for several species (Skinner & Chimimba, 2005; Evans & Bouwman, 2010). 

Moreover, temperatures inside aardvark burrows are normally cooler and fluctuate 

much less than outside, providing a thermal refuge (Whittington-Jones et al. 2011). 

Peccaries (Tayasssuidae), which are social creatures that usually live in large herds 

throughout Central and South America and in the southwest of North America, create 

and maintain wallows for their own use. However, during the dry seasons, wallows are 

essential for several anuran species, providing habitat and breeding sites (Zimmerman 

and Simberloff 1996). Beck et al. (2010) also found that anurans’ reproductive activities 

were enhanced in wallows compared with ephemeral and naturally formed ponds, which 

dried up faster. Indeed, where peccaries have gone locally extinct, some anuran species 

were less abundant while others also became locally extinct (Zimmerman and 

Bierregaard 1986, Reider et al. 2013). 
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Conclusion 

 

We summarised the roles of bioturbator mammals in maintaining ecosystem processes 

and health, which go beyond soil disturbance and includes changes in biotic and abiotic 

habitat characteristics, directly or indirectly affecting the availability of resources to 

other organisms (Desbiez and Kluyber 2013). Bioturbators also affect soil compaction 

(Palmer et al. 2021), soil moisture (Garkaklis et al. 1998), microbe diversity (Miranda et 

al. 2019), nutrient cycling (Hagenah and Bennett 2013), plant germination and 

recruitment (Villarreal 2008, Radnan and Eldridge 2017), and fire regimes (Ryan et al. 

2020). Nevertheless, it is important to identify which species and processes are 

associated with bioturbator mammals to determine under what conditions these 

interactions can be positive, neutral, or negative. 

 

Bioturbator mammals provide a wide range of benefits to society – ecosystem services 

or “nature’s contribution to people” (Pascual et al. 2017), including services associated 

with the decomposition of organic matter, water balance and carbon storage. Little 

attention has been paid to the ecosystem services provided by this group of mammals. 

Evaluating these ecosystem services also enables the quantification of their potential 

economic value (Wilson and Smith 2015), which can be useful to direct conservation 

and management strategies, by considering human populations (Delibes-Mateos et al. 

2011). 

 

Of the total 3932 non-flying land-dwelling mammals assessed in this study from the 

data available on the IUCN Red List, we found that 22% of species regularly perform 

bioturbation activities. We determined that 16% of the bioturbator mammals are 

threatened, 2% are already Extinct, and 8% are classified as Data Deficient. It is also 

important to recognise that 6% of all bioturbator mammal species are listed as 

Vulnerable. This means that, unless the circumstances that are threatening the survival 

of species improve, a substantial reduction in numbers of bioturbator species is likely to 

occur, which may have serious consequences. The majority of bioturbator mammal 

species are found in Asia (32%), but Oceania is the continent with the highest 

percentage of threatened (27%) and Extinct (11%) bioturbator species, while Central 

and South America have the highest percentage of species classified as Data Deficient 

(24%). We acknowledge, however, that despite being grouped together in this study, 

there are differences in climate, ecosystem characteristics and species composition 
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between Central and South America, especially considering non-Amazon parts of South 

America. Activities related to agriculture and aquaculture are the main threats for the 

majority of bioturbator mammal species on all continents (28%), except for Asia, where 

biological resource use is the main threat (28%), and Oceania, where invasive and other 

problematic species and diseases are the main threats for nearly half of all bioturbator 

mammals (47%). 

 

Due to a lack of sufficient information, it was not possible to determine the bioturbation 

capacity of 42% of the total non-flying land-dwelling mammals assessed; therefore, it is 

possible that more species are bioturbators. We observed that, for many species, 

information is only available in the language of the country or region where the species 

occurs, and hence it is not accessible to all readers or disclosed in the IUCN Red List. 

For bioturbator mammal species classified as Data Deficient, little is known about their 

basic ecology and distribution trends. Consequently, declines in populations may go 

unnoticed (Schipper et al. 2008). Similarly, without robust information, the 

conservation classification of species on the IUCN Red List may be out of date, and 

newly discovered, listed or even existing species may have not yet had their status 

updated. The IUCN Red List species’ distribution maps, while useful, can also 

sometimes present partial information about species and their region of occurrence. For 

this reason, it is essential to consult recent species-specific literature and field experts, 

and, whenever possible, to create species’ distribution models for more refined 

mapping. In addition, some sub-regions within the broader ecoregion categories may 

have unique ecological features, or be of particular conservation concern (Olson et al. 

2001). 

 

Many bioturbator mammals are considered keystone species, i.e. they help to establish 

and sustain ecosystem structure. The decline of such species, apart from affecting 

ecosystem services, can also result in the loss of crucial ecological interactions 

(Valiente‐Banuet et al. 2015). In summary, the loss of bioturbator mammals could 

trigger cascading effects throughout the ecosystems they inhabit that may also 

contribute towards further species extinctions (Davidson et al. 2012, Fleming et al. 

2014). In summary, the loss of bioturbator mammals could trigger cascading effects 

throughout the ecosystems they inhabit that may also contribute towards further 

extinctions In order to implement safeguarding actions and conservation plans to 

prevent the decline of bioturbator mammals, it is crucial to maintain existing 
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populations through investment in scientific research, provision of economic incentives 

and the creation and reinforcement of protected areas. The reintroduction and 

translocation of native mammal bioturbator species, although expensive, could also be a 

worthwhile strategy and has shown to be an efficient way to re-establish and restore 

ecosystem structure and processes in Australia (Palmer et al. 2020). Moreover, the 

incorporation of such fauna in restored environments could offer a cost-effective 

restoration option and, at the same time, assist with carbon offsetting schemes. 
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Supporting Information 

 

Table S1. Bioturbator mammal species that regularly perform bioturbation activities and 

their conservation status. 

Order Family Scientific name IUCN status Bioturbation category 

Afrosoricida Tenrecidae Geogale aurita LC F 

Afrosoricida Potamogalidae Micropotamogale ruwenzorii LC F 

Afrosoricida Tenrecidae Tenrec ecaudatus LC F 

Carnivora Herpestidae Herpestes ichneumon LC F 

Carnivora Herpestidae Herpestes fuscus LC F 

Carnivora Herpestidae Liberiictis kuhni VU F 

Carnivora Herpestidae Mungos mungo LC F 

Carnivora Herpestidae Crossarchus platycephalus LC F 

Carnivora Herpestidae Crossarchus alexandri EN F 

Carnivora Herpestidae Crossarchus ansorgei EN F 

Carnivora Herpestidae Paracynictis selousi LC F 

Carnivora Herpestidae Herpestes auropunctatus LC F 

Carnivora Herpestidae Helogale parvula LC F 

Carnivora Herpestidae Crossarchus obscurus LC F 

Carnivora Herpestidae Bdeogale nigripes VU F 

Carnivora Herpestidae Bdeogale crassicauda VU F 

Carnivora Herpestidae Rhynchogale melleri LC F 

Carnivora Herpestidae Suricata suricatta LC F 

Carnivora Herpestidae Dologale dybowskii DD F 

Carnivora Ursidae Melursus ursinus VU F 

Carnivora Mephitidae Conepatus leuconotus LC F 

Carnivora Mephitidae Conepatus semistriatus LC F 

Carnivora Mephitidae Conepatus chinga LC F 

Carnivora Mephitidae Conepatus humboldtii EN F 

Carnivora Mephitidae Mydaus marchei LC F 

Carnivora Mephitidae Mydaus javanensis LC F 

Carnivora Mustelidae Arctonyx collaris VU F 

Cetartiodactyla Suidae Babyrousa babyrussa VU F 

Cetartiodactyla Suidae Babyrousa celebensis VU F 

Cetartiodactyla Suidae Babyrousa togeanensis EN F 

Cetartiodactyla Suidae Hylochoerus meinertzhageni LC F 

Cetartiodactyla Suidae Phacochoerus aethiopicus LC F 

Cetartiodactyla Suidae Phacochoerus africanus LC F 

Cetartiodactyla Suidae Porcula salvania EN F 

Cetartiodactyla Suidae Potamochoerus larvatus LC F 

Cetartiodactyla Suidae Potamochoerus porcus LC F 

Cetartiodactyla Suidae Sus ahoenobarbus NT F 

Cetartiodactyla Suidae Sus barbatus VU F 

Cetartiodactyla Suidae Sus bucculentus EX F 

Cetartiodactyla Suidae Sus cebifrons CR F 

Cetartiodactyla Suidae Sus celebensis NT F 

Cetartiodactyla Suidae Sus oliveri VU F 

Cetartiodactyla Suidae Sus philippensis VU F 

Cetartiodactyla Suidae Sus scrofa LC F 
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Cetartiodactyla Suidae Sus verrucosus EN F 

Cetartiodactyla Tayassuidae Tayassu pecari VU F 

Cetartiodactyla Tayassuidae Catagonus wagneri EN F 

Cetartiodactyla Tayassuidae Pecari tajacu LC F 

Cingulata Chlamyphoridae Tolypeutes matacus NT F 

Cingulata Chlamyphoridae Tolypeutes tricinctus VU F 

Dasyuromorphia Dasyuridae Antechinus minimus LC F 

Dasyuromorphia Myrmecobiidae Myrmecobius fasciatus EN F 

Didelphimorphia Didelphidae Lestodelphys halli LC F 

Diprotodontia Potoroidae Bettongia penicillata CR F 

Diprotodontia Potoroidae Aepyprymnus rufescens LC F 

Diprotodontia Potoroidae Bettongia anhydra EX F 

Diprotodontia Potoroidae Bettongia pusilla EX F 

Diprotodontia Potoroidae Potorous gilbertii CR F 

Diprotodontia Potoroidae Potorous tridactylus NT F 

Diprotodontia Potoroidae Bettongia tropica EN F 

Diprotodontia Potoroidae Bettongia gaimardi NT F 

Diprotodontia Potoroidae Potorous platyops EX F 

Diprotodontia Potoroidae Potorous longipes VU F 

Diprotodontia Hypsiprymnodontidae Hypsiprymnodon moschatus LC F 

Eulipotyphla Soricidae Diplomesodon pulchellum LC F 

Eulipotyphla Erinaceidae Hylomys suillus LC F 

Monotremata Tachyglossidae Zaglossus attenboroughi CR F 

Monotremata Tachyglossidae Zaglossus bruijnii CR F 

Monotremata Tachyglossidae Tachyglossus aculeatus LC F 

Monotremata Tachyglossidae Zaglossus bartoni VU F 

Paramelemorphia Peramelidae Isoodon auratus VU F 

Paramelemorphia Peramelidae Isoodon obesulus LC F 

Paramelemorphia Peramelidae Isoodon macrourus LC F 

Paramelemorphia Peramelidae Perameles eremiana EX F 

Paramelemorphia Peramelidae Perameles nasuta LC F 

Paramelemorphia Peramelidae Perameles gunnii VU F 

Paramelemorphia Peramelidae Perameles bougainville VU F 

Paramelemorphia Peramelidae Echymipera kalubu LC F 

Paramelemorphia Peramelidae Microperoryctes murina VU F 

Paramelemorphia Peramelidae Microperoryctes papuensis LC F 

Paramelemorphia Peramelidae Microperoryctes longicauda LC F 

Paramelemorphia Peramelidae Peroryctes raffrayana LC F 

Paramelemorphia Peramelidae Peroryctes broadbenti EN F 

Paramelemorphia Peramelidae Rhynchomeles prattorum EN F 

Paramelemorphia Chaeropodidae Chaeropus ecaudatus EX F 

Pholidota Manidae Smutsia gigantea EN F 

Pholidota Manidae Smutsia temminckii VU F 

Pilosa Myrmecophagidae Myrmecophaga tridactyla VU F 

Proboscidea Elephantidae Loxodonta africana VU F 

Rodentia Sciuridae Ammospermophilus nelsoni EN F 

Rodentia Sciuridae Hyosciurus heinrichi LC F 

Rodentia Sciuridae Neotamias amoenus LC F 

Rodentia Sciuridae Neotamias cinereicollis LC F 

Rodentia Sciuridae Neotamias canipes LC F 
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Rodentia Sciuridae Neotamias quadrivittatus LC F 

Rodentia Sciuridae Neotamias rufus LC F 

Rodentia Sciuridae Neotamias siskiyou LC F 

Rodentia Sciuridae Neotamias sonomae LC F 

Rodentia Sciuridae Neotamias speciosus LC F 

Rodentia Sciuridae Neotamias townsendii LC F 

Rodentia Sciuridae Neotamias umbrinus LC F 

Rodentia Sciuridae Neotamias merriami LC F 

Rodentia Cricetidae Peromyscus truei LC F 

Rodentia Cricetidae Abrothrix longipilis LC F 

Rodentia Cricetidae Oxymycterus hiska LC F 

Rodentia Cricetidae Oxymycterus nasutus LC F 

Rodentia Cricetidae Oxymycterus paramensis LC F 

Rodentia Cricetidae Oxymycterus hucucha EN F 

Rodentia Muridae Chrotomys whiteheadi LC F 

Rodentia Muridae Chrotomys silaceus LC F 

Rodentia Muridae Chrotomys gonzalesi NT F 

Rodentia Muridae Chrotomys mindorensis LC F 

Rodentia Muridae Chrotomys sibuyanensis DD F 

Rodentia Muridae Rhynchomys tapulao DD F 

Rodentia Muridae Rhynchomys isarogensis VU F 

Rodentia Muridae Rhynchomys soricoides NT F 

Rodentia Muridae Rhynchomys banahao LC F 

Rodentia Muridae Thallomys paedulcus LC F 

Rodentia Capromyidae Mesocapromys sanfelipensis CR F 

Rodentia Capromyidae Geocapromys brownii EN F 

Scandentia Tupaiidae Tupaia dorsalis DD F 

Scandentia Tupaiidae Tupaia montana LC F 

Scandentia Tupaiidae Tupaia tana LC F 

Afrosoricida Tenrecidae Hemicentetes nigriceps LC SF 

Afrosoricida Tenrecidae Hemicentetes semispinosus LC SF 

Afrosoricida Tenrecidae Oryzorictes hova LC SF 

Afrosoricida Tenrecidae Setifer setosus LC SF 

Afrosoricida Tenrecidae Oryzorictes tetradactylus DD SF 

Carnivora Herpestidae Cynictis penicillata LC SF 

Carnivora Mustelidae Arctonyx albogularis LC SF 

Carnivora Mustelidae Meles anakuma LC SF 

Carnivora Mustelidae Meles leucurus LC SF 

Carnivora Mustelidae Meles meles LC SF 

Carnivora Mustelidae Mellivora capensis LC SF 

Carnivora Mustelidae Poecilogale albinucha LC SF 

Carnivora Mustelidae Taxidea taxus LC SF 

Cingulata Dasypodidae Dasypus pilosus DD SF 

Cingulata Dasypodidae Dasypus hybridus NT SF 

Cingulata Dasypodidae Dasypus kappleri LC SF 

Cingulata Dasypodidae Dasypus novemcinctus LC SF 

Cingulata Dasypodidae Dasypus sabanicola NT SF 

Cingulata Dasypodidae Dasypus septemcinctus LC SF 

Cingulata Dasypodidae Dasypus yepesi DD SF 

Cingulata Chlamyphoridae Cabassous centralis DD SF 
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Cingulata Chlamyphoridae Calyptophractus retusus DD SF 

Cingulata Chlamyphoridae Chlamyphorus truncatus DD SF 

Cingulata Chlamyphoridae Cabassous chacoensis NT SF 

Cingulata Chlamyphoridae Cabassous tatouay LC SF 

Cingulata Chlamyphoridae Cabassous unicinctus LC SF 

Cingulata Chlamyphoridae Chaetophractus vellerosus LC SF 

Cingulata Chlamyphoridae Chaetophractus villosus LC SF 

Cingulata Chlamyphoridae Euphractus sexcinctus LC SF 

Cingulata Chlamyphoridae Priodontes maximus VU SF 

Cingulata Chlamyphoridae Zaedyus pichiy NT SF 

Dasyuromorphia Dasyuridae Antechinus swainsonii LC SF 

Dasyuromorphia Dasyuridae Dasycercus blythi LC SF 

Dasyuromorphia Dasyuridae Dasyuroides byrnei VU SF 

Dasyuromorphia Dasyuridae Dasycercus cristicauda NT SF 

Diprotodontia Vombatidae Lasiorhinus krefftii CR SF 

Diprotodontia Vombatidae Lasiorhinus latifrons NT SF 

Diprotodontia Vombatidae Vombatus ursinus LC SF 

Diprotodontia Potoroidae Bettongia lesueur NT SF 

Diprotodontia Potoroidae Caloprymnus campestris EX SF 

Diprotodontia Macropodidae Lagorchestes asomatus EX SF 

Diprotodontia Macropodidae Lagorchestes hirsutus VU SF 

Eulipotyphla Erinaceidae Hemiechinus auritus LC SF 

Eulipotyphla Erinaceidae Hemiechinus collaris LC SF 

Eulipotyphla Soricidae Surdisorex schlitteri DD SF 

Eulipotyphla Soricidae Anourosorex yamashinai LC SF 

Eulipotyphla Soricidae Blarina brevicauda LC SF 

Eulipotyphla Soricidae Blarina carolinensis LC SF 

Eulipotyphla Soricidae Blarina hylophaga LC SF 

Eulipotyphla Soricidae Blarinella griselda LC SF 

Eulipotyphla Soricidae Blarinella wardi LC SF 

Eulipotyphla Soricidae Blarinella quadraticauda NT SF 

Eulipotyphla Soricidae Cryptotis goodwini LC SF 

Eulipotyphla Soricidae Cryptotis mexicana LC SF 

Eulipotyphla Soricidae Cryptotis parva LC SF 

Eulipotyphla Soricidae Feroculus feroculus EN SF 

Eulipotyphla Soricidae Myosorex gnoskei EN SF 

Eulipotyphla Soricidae Myosorex zinki LC SF 

Eulipotyphla Soricidae Myosorex varius LC SF 

Eulipotyphla Soricidae Nectogale elegans LC SF 

Eulipotyphla Soricidae Solisorex pearsoni EN SF 

Eulipotyphla Soricidae Sorex araneus LC SF 

Eulipotyphla Soricidae Sorex hoyi LC SF 

Eulipotyphla Soricidae Sorex trowbridgii LC SF 

Eulipotyphla Soricidae Sorex unguiculatus LC SF 

Eulipotyphla Soricidae Surdisorex polulus DD SF 

Eulipotyphla Soricidae Anourosorex schmidi DD SF 

Eulipotyphla Soricidae Anourosorex assamensis LC SF 

Eulipotyphla Soricidae Anourosorex squamipes LC SF 

Eulipotyphla Talpidae Euroscaptor subanura DD SF 

Eulipotyphla Talpidae Euroscaptor grandis LC SF 
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Eulipotyphla Talpidae Euroscaptor klossi LC SF 

Eulipotyphla Talpidae Euroscaptor longirostris LC SF 

Eulipotyphla Talpidae Euroscaptor micrura LC SF 

Eulipotyphla Talpidae Euroscaptor mizura LC SF 

Lagomorpha Ochotonidae Ochotona cansus LC SF 

Lagomorpha Ochotonidae Ochotona curzoniae LC SF 

Lagomorpha Ochotonidae Ochotona dauurica LC SF 

Lagomorpha Ochotonidae Ochotona forresti LC SF 

Lagomorpha Ochotonidae Ochotona koslowi EN SF 

Lagomorpha Ochotonidae Ochotona ladacensis LC SF 

Lagomorpha Ochotonidae Ochotona nubrica LC SF 

Lagomorpha Ochotonidae Ochotona opaca LC SF 

Lagomorpha Ochotonidae Ochotona pallasii LC SF 

Lagomorpha Ochotonidae Ochotona pusilla LC SF 

Lagomorpha Ochotonidae Ochotona rufescens LC SF 

Lagomorpha Ochotonidae Ochotona syrinx LC SF 

Lagomorpha Ochotonidae Ochotona thibetana LC SF 

Lagomorpha Ochotonidae Ochotona thomasi LC SF 

Lagomorpha Prolagidae Prolagus sardus EX SF 

Lagomorpha Leporidae Brachylagus idahoensis LC SF 

Lagomorpha Leporidae Oryctolagus cuniculus EN SF 

Lagomorpha Leporidae Pentalagus furnessi EN SF 

Paramelemorphia Thylacomyidae Macrotis leucura EX SF 

Paramelemorphia Thylacomyidae Macrotis lagotis VU SF 

Paramelemorphia Peramelidae Echymipera rufescens LC SF 

Pholidota Manidae Manis javanica CR SF 

Pholidota Manidae Manis pentadactyla CR SF 

Pholidota Manidae Manis crassicaudata EN SF 

Rodentia Cricetidae Nesoryzomys darwini EX SF 

Rodentia Cricetidae Nesoryzomys indefessus EX SF 

Rodentia Aplodontiidae Aplodontia rufa LC SF 

Rodentia Sciuridae Ammospermophilus interpres LC SF 

Rodentia Sciuridae Ammospermophilus leucurus LC SF 

Rodentia Sciuridae Atlantoxerus getulus LC SF 

Rodentia Sciuridae Callospermophilus saturatus LC SF 

Rodentia Sciuridae Marmota vancouverensis CR SF 

Rodentia Sciuridae Cynomys gunnisoni LC SF 

Rodentia Sciuridae Cynomys leucurus LC SF 

Rodentia Sciuridae Cynomys ludovicianus LC SF 

Rodentia Sciuridae Cynomys mexicanus EN SF 

Rodentia Sciuridae Cynomys parvidens EN SF 

Rodentia Sciuridae Eutamias sibiricus LC SF 

Rodentia Sciuridae Ictidomys mexicanus LC SF 

Rodentia Sciuridae Ictidomys tridecemlineatus LC SF 

Rodentia Sciuridae Marmota baibacina LC SF 

Rodentia Sciuridae Marmota bobak LC SF 

Rodentia Sciuridae Marmota broweri LC SF 

Rodentia Sciuridae Marmota caligata LC SF 

Rodentia Sciuridae Marmota camtschatica LC SF 

Rodentia Sciuridae Marmota caudata LC SF 



Chapter 2 

47 

Rodentia Sciuridae Marmota flaviventris LC SF 

Rodentia Sciuridae Marmota himalayana LC SF 

Rodentia Sciuridae Marmota marmota LC SF 

Rodentia Sciuridae Marmota menzbieri VU SF 

Rodentia Sciuridae Marmota monax LC SF 

Rodentia Sciuridae Marmota olympus LC SF 

Rodentia Sciuridae Marmota sibirica EN SF 

Rodentia Sciuridae Neotamias dorsalis LC SF 

Rodentia Sciuridae Notocitellus adocetus LC SF 

Rodentia Sciuridae Otospermophilus beecheyi LC SF 

Rodentia Sciuridae Spermophilopsis leptodactylus LC SF 

Rodentia Sciuridae Spermophilus brevicauda LC SF 

Rodentia Sciuridae Spermophilus citellus VU SF 

Rodentia Sciuridae Spermophilus dauricus LC SF 

Rodentia Sciuridae Spermophilus erythrogenys LC SF 

Rodentia Sciuridae Spermophilus fulvus LC SF 

Rodentia Sciuridae Spermophilus major LC SF 

Rodentia Sciuridae Spermophilus musicus NT SF 

Rodentia Sciuridae Spermophilus pallidicauda LC SF 

Rodentia Sciuridae Spermophilus pygmaeus LC SF 

Rodentia Sciuridae Spermophilus ralli LC SF 

Rodentia Sciuridae Spermophilus relictus LC SF 

Rodentia Sciuridae Spermophilus suslicus NT SF 

Rodentia Sciuridae Spermophilus xanthoprymnus NT SF 

Rodentia Sciuridae Urocitellus armatus LC SF 

Rodentia Sciuridae Urocitellus beldingi LC SF 

Rodentia Sciuridae Urocitellus brunneus EN SF 

Rodentia Sciuridae Urocitellus canus LC SF 

Rodentia Sciuridae Urocitellus columbianus LC SF 

Rodentia Sciuridae Urocitellus elegans LC SF 

Rodentia Sciuridae Urocitellus endemicus VU SF 

Rodentia Sciuridae Urocitellus mollis LC SF 

Rodentia Sciuridae Urocitellus parryii LC SF 

Rodentia Sciuridae Urocitellus richardsonii LC SF 

Rodentia Sciuridae Urocitellus townsendii VU SF 

Rodentia Sciuridae Urocitellus undulatus LC SF 

Rodentia Sciuridae Urocitellus washingtoni NT SF 

Rodentia Sciuridae Xerospermophilus mohavensis NT SF 

Rodentia Sciuridae Xerospermophilus perotensis EN SF 

Rodentia Sciuridae Xerospermophilus spilosoma LC SF 

Rodentia Sciuridae Xerospermophilus tereticaudus LC SF 

Rodentia Sciuridae Xerus erythropus LC SF 

Rodentia Sciuridae Xerus inauris LC SF 

Rodentia Sciuridae Xerus princeps LC SF 

Rodentia Sciuridae Xerus rutilus LC SF 

Rodentia Heteromyidae Dipodomys gravipes CR SF 

Rodentia Heteromyidae Chaetodipus arenarius LC SF 

Rodentia Heteromyidae Chaetodipus baileyi LC SF 

Rodentia Heteromyidae Chaetodipus eremicus LC SF 

Rodentia Heteromyidae Chaetodipus fallax LC SF 
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Rodentia Heteromyidae Chaetodipus hispidus LC SF 

Rodentia Heteromyidae Chaetodipus intermedius LC SF 

Rodentia Heteromyidae Chaetodipus nelsoni LC SF 

Rodentia Heteromyidae Chaetodipus penicillatus LC SF 

Rodentia Heteromyidae Chaetodipus spinatus LC SF 

Rodentia Heteromyidae Chaetodipus californicus LC SF 

Rodentia Heteromyidae Chaetodipus lineatus DD SF 

Rodentia Heteromyidae Dipodomys agilis LC SF 

Rodentia Heteromyidae Dipodomys californicus LC SF 

Rodentia Heteromyidae Dipodomys compactus LC SF 

Rodentia Heteromyidae Dipodomys deserti LC SF 

Rodentia Heteromyidae Dipodomys elator VU SF 

Rodentia Heteromyidae Dipodomys heermanni LC SF 

Rodentia Heteromyidae Dipodomys ingens EN SF 

Rodentia Heteromyidae Dipodomys merriami LC SF 

Rodentia Heteromyidae Dipodomys microps LC SF 

Rodentia Heteromyidae Dipodomys nitratoides VU SF 

Rodentia Heteromyidae Dipodomys ordii LC SF 

Rodentia Heteromyidae Dipodomys panamintinus LC SF 

Rodentia Heteromyidae Dipodomys phillipsii LC SF 

Rodentia Heteromyidae Dipodomys simulans LC SF 

Rodentia Heteromyidae Dipodomys stephensi VU SF 

Rodentia Heteromyidae Dipodomys venustus LC SF 

Rodentia Heteromyidae Dipodomys spectabilis NT SF 

Rodentia Heteromyidae Dipodomys nelsoni LC SF 

Rodentia Heteromyidae Heteromys adspersus LC SF 

Rodentia Heteromyidae Heteromys anomalus LC SF 

Rodentia Heteromyidae Heteromys desmarestianus LC SF 

Rodentia Heteromyidae Heteromys irroratus LC SF 

Rodentia Heteromyidae Heteromys pictus LC SF 

Rodentia Heteromyidae Heteromys salvini LC SF 

Rodentia Heteromyidae Microdipodops megacephalus LC SF 

Rodentia Heteromyidae Microdipodops pallidus LC SF 

Rodentia Heteromyidae Perognathus alticola VU SF 

Rodentia Heteromyidae Perognathus amplus LC SF 

Rodentia Heteromyidae Perognathus fasciatus LC SF 

Rodentia Heteromyidae Perognathus flavescens LC SF 

Rodentia Heteromyidae Perognathus flavus LC SF 

Rodentia Heteromyidae Perognathus inornatus LC SF 

Rodentia Heteromyidae Perognathus longimembris LC SF 

Rodentia Heteromyidae Perognathus parvus LC SF 

Rodentia Heteromyidae Perognathus merriami LC SF 

Rodentia Geomyidae Heterogeomys lanius CR SF 

Rodentia Geomyidae Cratogeomys castanops LC SF 

Rodentia Geomyidae Cratogeomys fulvescens LC SF 

Rodentia Geomyidae Cratogeomys fumosus LC SF 

Rodentia Geomyidae Cratogeomys goldmani LC SF 

Rodentia Geomyidae Cratogeomys merriami LC SF 

Rodentia Geomyidae Cratogeomys perotensis LC SF 

Rodentia Geomyidae Cratogeomys planiceps LC SF 
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Rodentia Geomyidae Geomys arenarius NT SF 

Rodentia Geomyidae Geomys attwateri LC SF 

Rodentia Geomyidae Geomys breviceps LC SF 

Rodentia Geomyidae Geomys bursarius LC SF 

Rodentia Geomyidae Geomys knoxjonesi LC SF 

Rodentia Geomyidae Geomys personatus LC SF 

Rodentia Geomyidae Geomys pinetis LC SF 

Rodentia Geomyidae Geomys texensis LC SF 

Rodentia Geomyidae Geomys tropicalis EN SF 

Rodentia Geomyidae Heterogeomys cherriei LC SF 

Rodentia Geomyidae Orthogeomys cavator LC SF 

Rodentia Geomyidae Orthogeomys grandis LC SF 

Rodentia Geomyidae Orthogeomys heterodus LC SF 

Rodentia Geomyidae Orthogeomys hispidus LC SF 

Rodentia Geomyidae Orthogeomys underwoodi LC SF 

Rodentia Geomyidae Pappogeomys bulleri LC SF 

Rodentia Geomyidae Thomomys bottae LC SF 

Rodentia Geomyidae Thomomys bulbivorus LC SF 

Rodentia Geomyidae Thomomys clusius LC SF 

Rodentia Geomyidae Thomomys idahoensis LC SF 

Rodentia Geomyidae Thomomys monticola LC SF 

Rodentia Geomyidae Thomomys talpoides LC SF 

Rodentia Geomyidae Thomomys townsendii LC SF 

Rodentia Geomyidae Thomomys umbrinus LC SF 

Rodentia Geomyidae Zygogeomys trichopus EN SF 

Rodentia Geomyidae Orthogeomys cuniculus DD SF 

Rodentia Geomyidae Thomomys mazama LC SF 

Rodentia Dipodidae Cardiocranius paradoxus DD SF 

Rodentia Dipodidae Allactaga bullata LC SF 

Rodentia Dipodidae Allactaga elater LC SF 

Rodentia Dipodidae Allactaga euphratica LC SF 

Rodentia Dipodidae Allactaga hotsoni LC SF 

Rodentia Dipodidae Allactaga major LC SF 

Rodentia Dipodidae Allactaga sibirica LC SF 

Rodentia Dipodidae Allactaga williamsi LC SF 

Rodentia Dipodidae Allactodipus bobrinskii LC SF 

Rodentia Dipodidae Allactaga firouzi DD SF 

Rodentia Dipodidae Salpingotulus michaelis DD SF 

Rodentia Dipodidae Salpingotus pallidus DD SF 

Rodentia Dipodidae Allactaga tetradactyla DD SF 

Rodentia Dipodidae Eremodipus lichtensteini LC SF 

Rodentia Dipodidae Euchoreutes naso LC SF 

Rodentia Dipodidae Jaculus blanfordi LC SF 

Rodentia Dipodidae Jaculus jaculus LC SF 

Rodentia Dipodidae Jaculus orientalis LC SF 

Rodentia Dipodidae Napaeozapus insignis LC SF 

Rodentia Dipodidae Paradipus ctenodactylus LC SF 

Rodentia Dipodidae Salpingotus crassicauda LC SF 

Rodentia Dipodidae Stylodipus sungorus LC SF 

Rodentia Dipodidae Stylodipus telum LC SF 
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Rodentia Dipodidae Zapus hudsonius LC SF 

Rodentia Spalacidae Cannomys badius LC SF 

Rodentia Spalacidae Rhizomys pruinosus LC SF 

Rodentia Spalacidae Rhizomys sinensis LC SF 

Rodentia Spalacidae Tachyoryctes macrocephalus EN SF 

Rodentia Nesomyidae Beamys hindei LC SF 

Rodentia Nesomyidae Cricetomys emini LC SF 

Rodentia Nesomyidae Cricetomys gambianus LC SF 

Rodentia Nesomyidae Eliurus carletoni LC SF 

Rodentia Nesomyidae Eliurus grandidieri LC SF 

Rodentia Nesomyidae Gymnuromys roberti LC SF 

Rodentia Nesomyidae Hypogeomys antimena EN SF 

Rodentia Nesomyidae Macrotarsomys bastardi LC SF 

Rodentia Nesomyidae Mystromys albicaudatus VU SF 

Rodentia Nesomyidae Petromyscus collinus LC SF 

Rodentia Nesomyidae Saccostomus campestris LC SF 

Rodentia Nesomyidae Steatomys bocagei LC SF 

Rodentia Nesomyidae Steatomys cuppedius LC SF 

Rodentia Nesomyidae Steatomys krebsii LC SF 

Rodentia Nesomyidae Voalavo gymnocaudus LC SF 

Rodentia Cricetidade Blanfordimys afghanus LC SF 

Rodentia Cricetidade Blanfordimys bucharensis LC SF 

Rodentia Cricetidade Chelemys megalonyx NT SF 

Rodentia Cricetidade Prometheomys schaposchnikowi LC SF 

Rodentia Cricetidade Loxodontomys micropus LC SF 

Rodentia Cricetidade Caryomys inez LC SF 

Rodentia Cricetidade Lagurus lagurus LC SF 

Rodentia Cricetidade Notiomys edwardsii LC SF 

Rodentia Cricetidade Lemmiscus curtatus LC SF 

Rodentia Cricetidade Allocricetulus curtatus LC SF 

Rodentia Cricetidae Dicrostonyx vinogradovi DD SF 

Rodentia Cricetidae Dicrostonyx unalascensis DD SF 

Rodentia Cricetidae Dicrostonyx nelsoni LC SF 

Rodentia Cricetidae Dicrostonyx nunatakensis LC SF 

Rodentia Cricetidae Dicrostonyx torquatus LC SF 

Rodentia Cricetidae Dicrostonyx groenlandicus LC SF 

Rodentia Cricetidae Dicrostonyx hudsonius LC SF 

Rodentia Cricetidae Peromyscus mayensis CR SF 

Rodentia Cricetidae Microtus bavaricus CR SF 

Rodentia Cricetidae Alticola stoliczkanus LC SF 

Rodentia Cricetidae Blarinomys breviceps LC SF 

Rodentia Cricetidae Cricetulus kamensis LC SF 

Rodentia Cricetidae Cricetulus alticola LC SF 

Rodentia Cricetidae Cricetulus barabensis LC SF 

Rodentia Cricetidae Cricetulus longicaudatus LC SF 

Rodentia Cricetidae Cricetulus sokolovi LC SF 

Rodentia Cricetidae Cricetulus migratorius LC SF 

Rodentia Cricetidae Microtus abbreviatus LC SF 

Rodentia Cricetidae Microtus agrestis LC SF 

Rodentia Cricetidae Microtus arvalis LC SF 
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Rodentia Cricetidae Microtus breweri VU SF 

Rodentia Cricetidae Microtus cabrerae NT SF 

Rodentia Cricetidae Microtus californicus LC SF 

Rodentia Cricetidae Microtus canicaudus LC SF 

Rodentia Cricetidae Microtus chrotorrhinus LC SF 

Rodentia Cricetidae Microtus duodecimcostatus LC SF 

Rodentia Cricetidae Microtus fortis LC SF 

Rodentia Cricetidae Microtus gerbei LC SF 

Rodentia Cricetidae Microtus gregalis LC SF 

Rodentia Cricetidae Microtus guentheri LC SF 

Rodentia Cricetidae Microtus hyperboreus LC SF 

Rodentia Cricetidae Microtus levis LC SF 

Rodentia Cricetidae Microtus longicaudus LC SF 

Rodentia Cricetidae Microtus lusitanicus LC SF 

Rodentia Cricetidae Microtus maximowiczii LC SF 

Rodentia Cricetidae Microtus mexicanus LC SF 

Rodentia Cricetidae Microtus middendorffii LC SF 

Rodentia Cricetidae Microtus miurus LC SF 

Rodentia Cricetidae Microtus montanus LC SF 

Rodentia Cricetidae Microtus montebelli LC SF 

Rodentia Cricetidae Microtus multiplex LC SF 

Rodentia Cricetidae Microtus ochrogaster LC SF 

Rodentia Cricetidae Microtus oeconomus LC SF 

Rodentia Cricetidae Microtus oregoni LC SF 

Rodentia Cricetidae Microtus paradoxus LC SF 

Rodentia Cricetidae Microtus pennsylvanicus LC SF 

Rodentia Cricetidae Microtus pinetorum LC SF 

Rodentia Cricetidae Microtus quasiater NT SF 

Rodentia Cricetidae Microtus richardsoni LC SF 

Rodentia Cricetidae Microtus sachalinensis LC SF 

Rodentia Cricetidae Microtus savii LC SF 

Rodentia Cricetidae Microtus schelkovnikovi LC SF 

Rodentia Cricetidae Microtus schidlovskii LC SF 

Rodentia Cricetidae Microtus socialis LC SF 

Rodentia Cricetidae Microtus subterraneus LC SF 

Rodentia Cricetidae Microtus thomasi LC SF 

Rodentia Cricetidae Microtus townsendii LC SF 

Rodentia Cricetidae Microtus transcaspicus LC SF 

Rodentia Cricetidae Microtus umbrosus EN SF 

Rodentia Cricetidae Microtus xanthognathus LC SF 

Rodentia Cricetidae Peromyscus aztecus LC SF 

Rodentia Cricetidae Peromyscus crinitus LC SF 

Rodentia Cricetidae Peromyscus difficilis LC SF 

Rodentia Cricetidae Peromyscus gratus LC SF 

Rodentia Cricetidae Peromyscus levipes LC SF 

Rodentia Cricetidae Peromyscus maniculatus LC SF 

Rodentia Cricetidae Peromyscus melanophrys LC SF 

Rodentia Cricetidae Peromyscus melanotis LC SF 

Rodentia Cricetidae Peromyscus mexicanus LC SF 

Rodentia Cricetidae Peromyscus ochraventer EN SF 
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Rodentia Cricetidae Peromyscus gossypinus LC SF 

Rodentia Cricetidae Peromyscus polionotus LC SF 

Rodentia Cricetidae Phaiomys leucurus LC SF 

Rodentia Cricetidae Juscelinomys huanchacae DD SF 

Rodentia Cricetidae Synaptomys borealis LC SF 

Rodentia Cricetidae Synaptomys cooperi LC SF 

Rodentia Cricetidae Eolagurus luteus LC SF 

Rodentia Cricetidae Eolagurus przewalskii LC SF 

Rodentia Cricetidae Geoxus annectens VU SF 

Rodentia Cricetidae Geoxus valdivianus LC SF 

Rodentia Cricetidae Hyperacrius fertilis NT SF 

Rodentia Cricetidae Juscelinomys candango EX SF 

Rodentia Cricetidae Lasiopodomys brandtii LC SF 

Rodentia Cricetidae Lasiopodomys mandarinus LC SF 

Rodentia Cricetidae Phenacomys intermedius LC SF 

Rodentia Cricetidae Phenacomys ungava LC SF 

Rodentia Cricetidae Phodopus campbelli LC SF 

Rodentia Cricetidae Phodopus roborovskii LC SF 

Rodentia Cricetidae Phodopus sungorus LC SF 

Rodentia Cricetidae Reithrodon auritus LC SF 

Rodentia Cricetidae Zygodontomys brevicauda LC SF 

Rodentia Cricetidae Zygodontomys brunneus LC SF 

Rodentia Cricetidae Euneomys fossor DD SF 

Rodentia Cricetidae Necromys lasiurus LC SF 

Rodentia Cricetidae Chionomys gud LC SF 

Rodentia Cricetidae Chionomys nivalis LC SF 

Rodentia Cricetidae Cricetus cricetus LC SF 

Rodentia Cricetidae Lemmus lemmus LC SF 

Rodentia Cricetidae Lemmus amurensis LC SF 

Rodentia Cricetidae Lemmus sibiricus LC SF 

Rodentia Cricetidae Lemmus trimucronatus LC SF 

Rodentia Cricetidae Mesocricetus auratus VU SF 

Rodentia Cricetidae Mesocricetus brandti NT SF 

Rodentia Cricetidae Mesocricetus newtoni NT SF 

Rodentia Cricetidae Mesocricetus raddei LC SF 

Rodentia Cricetidae Gyldenstolpia fronto CR SF 

Rodentia Cricetidae Kunsia tomentosus LC SF 

Rodentia Cricetidae Arvicola sapidus VU SF 

Rodentia Cricetidae Arvicola amphibius LC SF 

Rodentia Cricetidae Arvicola scherman LC SF 

Rodentia Cricetidae Oxymycterus delator LC SF 

Rodentia Cricetidae Lemmus portenkoi DD SF 

Rodentia Cricetidae Neodon sikimensis LC SF 

Rodentia Muridae Zyzomys palatalis CR SF 

Rodentia Muridae Leggadina forresti LC SF 

Rodentia Muridae Notomys alexis LC SF 

Rodentia Muridae Notomys cervinus NT SF 

Rodentia Muridae Notomys amplus EX SF 

Rodentia Muridae Notomys longicaudatus EX SF 

Rodentia Muridae Uromys imperator CR SF 
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Rodentia Muridae Notomys mitchellii LC SF 

Rodentia Muridae Rattus colletti LC SF 

Rodentia Muridae Pseudomys apodemoides LC SF 

Rodentia Muridae Pseudomys gracilicaudatus LC SF 

Rodentia Muridae Pseudomys albocinereus LC SF 

Rodentia Muridae Pseudomys desertor LC SF 

Rodentia Muridae Pseudomys hermannsburgensis LC SF 

Rodentia Muridae Rattus fuscipes LC SF 

Rodentia Muridae Rattus mindorensis LC SF 

Rodentia Muridae Rattus lutreolus LC SF 

Rodentia Muridae Rattus tunneyi LC SF 

Rodentia Muridae Rattus villosissimus LC SF 

Rodentia Muridae Uromys hadrourus NT SF 

Rodentia Muridae Zyzomys argurus LC SF 

Rodentia Muridae Zyzomys woodwardi LC SF 

Rodentia Muridae Pseudomys pilligaensis DD SF 

Rodentia Muridae Notomys aquilo EN SF 

Rodentia Muridae Rattus vandeuseni EN SF 

Rodentia Muridae Nesokia indica LC SF 

Rodentia Muridae Psammomys obesus LC SF 

Rodentia Muridae Apodemus speciosus LC SF 

Rodentia Muridae Apodemus agrarius LC SF 

Rodentia Muridae Apodemus flavicollis LC SF 

Rodentia Muridae Apodemus sylvaticus LC SF 

Rodentia Muridae Arvicanthis blicki NT SF 

Rodentia Muridae Arvicanthis niloticus LC SF 

Rodentia Muridae Bandicota bengalensis LC SF 

Rodentia Muridae Bandicota indica LC SF 

Rodentia Muridae Bandicota savilei LC SF 

Rodentia Muridae Brachiones przewalskii LC SF 

Rodentia Muridae Gerbilliscus guineae LC SF 

Rodentia Muridae Gerbilliscus boehmi LC SF 

Rodentia Muridae Gerbilliscus brantsii LC SF 

Rodentia Muridae Gerbilliscus inclusus LC SF 

Rodentia Muridae Gerbilliscus leucogaster LC SF 

Rodentia Muridae Gerbilliscus robustus LC SF 

Rodentia Muridae Gerbillurus tytonis LC SF 

Rodentia Muridae Gerbillurus setzeri LC SF 

Rodentia Muridae Gerbillurus paeba LC SF 

Rodentia Muridae Gerbillurus vallinus LC SF 

Rodentia Muridae Gerbillus amoenus LC SF 

Rodentia Muridae Gerbillus andersoni LC SF 

Rodentia Muridae Gerbillus campestris LC SF 

Rodentia Muridae Gerbillus cheesmani LC SF 

Rodentia Muridae Gerbillus agag DD SF 

Rodentia Muridae Gerbillus dasyurus LC SF 

Rodentia Muridae Gerbillus famulus LC SF 

Rodentia Muridae Gerbillus floweri LC SF 

Rodentia Muridae Gerbillus gerbillus LC SF 

Rodentia Muridae Gerbillus gleadowi LC SF 
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Rodentia Muridae Gerbillus harwoodi LC SF 

Rodentia Muridae Gerbillus henleyi LC SF 

Rodentia Muridae Gerbillus hoogstraali VU SF 

Rodentia Muridae Gerbillus juliani LC SF 

Rodentia Muridae Gerbillus nanus LC SF 

Rodentia Muridae Gerbillus nigeriae LC SF 

Rodentia Muridae Gerbillus perpallidus LC SF 

Rodentia Muridae Gerbillus pusillus LC SF 

Rodentia Muridae Gerbillus pyramidum LC SF 

Rodentia Muridae Gerbillus simoni LC SF 

Rodentia Muridae Gerbillus tarabuli LC SF 

Rodentia Muridae Gerbillus watersi LC SF 

Rodentia Muridae Leggadina lakedownensis LC SF 

Rodentia Muridae Notomys fuscus VU SF 

Rodentia Muridae Lemniscomys griselda LC SF 

Rodentia Muridae Lemniscomys barbarus LC SF 

Rodentia Muridae Pseudomys oralis VU SF 

Rodentia Muridae Gerbillus cosensis DD SF 

Rodentia Muridae Pseudomys novaehollandiae VU SF 

Rodentia Muridae Pseudomys fumeus VU SF 

Rodentia Muridae Melomys rubicola EX SF 

Rodentia Muridae Pseudomys bolami LC SF 

Rodentia Muridae Meriones dahli EN SF 

Rodentia Muridae Meriones sacramenti VU SF 

Rodentia Muridae Meriones persicus LC SF 

Rodentia Muridae Meriones crassus LC SF 

Rodentia Muridae Meriones hurrianae LC SF 

Rodentia Muridae Meriones libycus LC SF 

Rodentia Muridae Meriones meridianus LC SF 

Rodentia Muridae Meriones tamariscinus LC SF 

Rodentia Muridae Meriones tristrami LC SF 

Rodentia Muridae Meriones unguiculatus LC SF 

Rodentia Muridae Meriones vinogradovi LC SF 

Rodentia Muridae Millardia kondana EN SF 

Rodentia Muridae Millardia gleadowi LC SF 

Rodentia Muridae Millardia meltada LC SF 

Rodentia Muridae Mus spicilegus LC SF 

Rodentia Muridae Mus mayori VU SF 

Rodentia Muridae Mus booduga LC SF 

Rodentia Muridae Mus minutoides LC SF 

Rodentia Muridae Mus musculus LC SF 

Rodentia Muridae Mus terricolor LC SF 

Rodentia Muridae Nesokia bunnii EN SF 

Rodentia Muridae Pseudomys calabyi VU SF 

Rodentia Muridae Otomys typus LC SF 

Rodentia Muridae Otomys sloggetti LC SF 

Rodentia Muridae Otomys angoniensis LC SF 

Rodentia Muridae Otomys unisulcatus LC SF 

Rodentia Muridae Parotomys brantsii LC SF 

Rodentia Muridae Parotomys littledalei LC SF 
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Rodentia Muridae Pseudomys occidentalis NT SF 

Rodentia Muridae Pseudomys australis VU SF 

Rodentia Muridae Pseudomys chapmani LC SF 

Rodentia Muridae Hydromys chrysogaster LC SF 

Rodentia Muridae Melomys burtoni LC SF 

Rodentia Muridae Rattus leucopus LC SF 

Rodentia Muridae Rattus sordidus LC SF 

Rodentia Muridae Uromys caudimaculatus LC SF 

Rodentia Muridae Pseudomys delicatulus LC SF 

Rodentia Muridae Pseudomys johnsoni LC SF 

Rodentia Muridae Pseudomys patrius LC SF 

Rodentia Muridae Rattus morotaiensis LC SF 

Rodentia Muridae Rattus norvegicus LC SF 

Rodentia Muridae Tatera indica LC SF 

Rodentia Muridae Rattus nikenii VU SF 

Rodentia Muridae Rattus argentiventer LC SF 

Rodentia Muridae Pogonomys loriae LC SF 

Rodentia Muridae Pogonomys sylvestris LC SF 

Rodentia Muridae Rattus steini LC SF 

Rodentia Muridae Rattus rattus LC SF 

Rodentia Muridae Rattus praetor LC SF 

Rodentia Muridae Rattus verecundus LC SF 

Rodentia Muridae Rhabdomys pumilio LC SF 

Rodentia Muridae Rhabdomys intermedius LC SF 

Rodentia Muridae Rhabdomys bechuanae LC SF 

Rodentia Muridae Rhabdomys dilectus LC SF 

Rodentia Muridae Rhombomys opimus LC SF 

Rodentia Muridae Taterillus pygargus LC SF 

Rodentia Muridae Taterillus gracilis LC SF 

Rodentia Muridae Rattus niobe LC SF 

Rodentia Muridae Pseudomys fieldi VU SF 

Rodentia Muridae Rattus ranjiniae EN SF 

Rodentia Pedetidae Pedetes capensis LC SF 

Rodentia Pedetidae Pedetes surdaster LC SF 

Rodentia Hystricidae Hystrix cristata LC SF 

Rodentia Hystricidae Hystrix indica LC SF 

Rodentia Hystricidae Hystrix africaeaustralis LC SF 

Rodentia Hystricidae Hystrix brachyura LC SF 

Rodentia Chinchillidae Lagostomus maximus LC SF 

Rodentia Caviidae Dolichotis salinicola LC SF 

Rodentia Caviidae Microcavia australis LC SF 

Rodentia Ctenomyidae Ctenomys argentinus NT SF 

Rodentia Ctenomyidae Ctenomys australis EN SF 

Rodentia Ctenomyidae Ctenomys azarae EN SF 

Rodentia Ctenomyidae Ctenomys bergi EN SF 

Rodentia Ctenomyidae Ctenomys boliviensis LC SF 

Rodentia Ctenomyidae Ctenomys bonettoi EN SF 

Rodentia Ctenomyidae Ctenomys conoveri LC SF 

Rodentia Ctenomyidae Ctenomys dorbignyi NT SF 

Rodentia Ctenomyidae Ctenomys emilianus LC SF 
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Rodentia Ctenomyidae Ctenomys brasiliensis DD SF 

Rodentia Ctenomyidae Ctenomys flamarioni EN SF 

Rodentia Ctenomyidae Ctenomys colburni DD SF 

Rodentia Ctenomyidae Ctenomys coyhaiquensis DD SF 

Rodentia Ctenomyidae Ctenomys frater LC SF 

Rodentia Ctenomyidae Ctenomys fulvus DD SF 

Rodentia Ctenomyidae Ctenomys goodfellowi LC SF 

Rodentia Ctenomyidae Ctenomys haigi LC SF 

Rodentia Ctenomyidae Ctenomys ibicuiensis DD SF 

Rodentia Ctenomyidae Ctenomys dorsalis DD SF 

Rodentia Ctenomyidae Ctenomys famosus DD SF 

Rodentia Ctenomyidae Ctenomys fochi DD SF 

Rodentia Ctenomyidae Ctenomys lami VU SF 

Rodentia Ctenomyidae Ctenomys latro EN SF 

Rodentia Ctenomyidae Ctenomys leucodon LC SF 

Rodentia Ctenomyidae Ctenomys lewisi LC SF 

Rodentia Ctenomyidae Ctenomys magellanicus LC SF 

Rodentia Ctenomyidae Ctenomys maulinus LC SF 

Rodentia Ctenomyidae Ctenomys mendocinus LC SF 

Rodentia Ctenomyidae Ctenomys fodax DD SF 

Rodentia Ctenomyidae Ctenomys occultus EN SF 

Rodentia Ctenomyidae Ctenomys opimus LC SF 

Rodentia Ctenomyidae Ctenomys pearsoni NT SF 

Rodentia Ctenomyidae Ctenomys perrensi LC SF 

Rodentia Ctenomyidae Ctenomys peruanus LC SF 

Rodentia Ctenomyidae Ctenomys pilarensis EN SF 

Rodentia Ctenomyidae Ctenomys johannis DD SF 

Rodentia Ctenomyidae Ctenomys porteousi NT SF 

Rodentia Ctenomyidae Ctenomys pundti EN SF 

Rodentia Ctenomyidae Ctenomys rionegrensis EN SF 

Rodentia Ctenomyidae Ctenomys juris DD SF 

Rodentia Ctenomyidae Ctenomys knighti DD SF 

Rodentia Ctenomyidae Ctenomys minutus DD SF 

Rodentia Ctenomyidae Ctenomys steinbachi LC SF 

Rodentia Ctenomyidae Ctenomys talarum LC SF 

Rodentia Ctenomyidae Ctenomys torquatus LC SF 

Rodentia Ctenomyidae Ctenomys pontifex DD SF 

Rodentia Ctenomyidae Ctenomys saltarius DD SF 

Rodentia Ctenomyidae Ctenomys scagliai DD SF 

Rodentia Ctenomyidae Ctenomys sericeus DD SF 

Rodentia Ctenomyidae Ctenomys tuconax DD SF 

Rodentia Ctenomyidae Ctenomys tucumanus DD SF 

Rodentia Ctenomyidae Ctenomys validus DD SF 

Rodentia Ctenomyidae Ctenomys yolandae DD SF 

Rodentia Ctenomyidae Ctenomys coludo DD SF 

Rodentia Ctenomyidae Ctenomys osvaldoreigi CR SF 

Rodentia Ctenomyidae Ctenomys roigi CR SF 

Rodentia Ctenomyidae Ctenomys tulduco DD SF 

Rodentia Ctenomyidae Ctenomys sociabilis CR SF 

Rodentia Ctenomyidae Ctenomys viperinus DD SF 
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Rodentia Abrocomidae Abrocoma bennettii LC SF 

Rodentia Abrocomidae Abrocoma cinerea LC SF 

Rodentia Abrocomidae Abrocoma boliviensis CR SF 

Rodentia Echimyidae Clyomys laticeps LC SF 

Rodentia Echimyidae Euryzygomatomys spinosus LC SF 

Rodentia Echimyidae Hoplomys gymnurus LC SF 

Rodentia Echimyidae Proechimys semispinosus LC SF 

Rodentia Echimyidae Trinomys mirapitanga DD SF 

Rodentia Echimyidae Trinomys paratus DD SF 

Rodentia Echimyidae Trinomys moojeni EN SF 

Rodentia Echimyidae Trinomys albispinus LC SF 

Rodentia Echimyidae Trinomys eliasi NT SF 

Rodentia Echimyidae Trinomys gratiosus LC SF 

Rodentia Echimyidae Trinomys yonenagae EN SF 

Rodentia Echimyidae Trinomys setosus LC SF 

Rodentia Echimyidae Trinomys dimidiatus LC SF 

Rodentia Echimyidae Trinomys iheringi LC SF 

Rodentia Octodontidae Aconaemys fuscus LC SF 

Rodentia Octodontidae Aconaemys porteri DD SF 

Rodentia Octodontidae Aconaemys sagei DD SF 

Rodentia Octodontidae Octodon degus LC SF 

Rodentia Octodontidae Octodon bridgesi VU SF 

Rodentia Octodontidae Tympanoctomys kirchnerorum DD SF 

Rodentia Octodontidae Tympanoctomys barrerae NT SF 

Rodentia Octodontidae Tympanoctomys aureus CR SF 

Rodentia Octodontidae Tympanoctomys loschalchalerosorum CR SF 

Rodentia Myocastoridae Myocastor coypus LC SF 

Rodentia Muridae Rattus nativitatis EX SF 

Rodentia Sciuridae Callospermophilus lateralis LC SF 

Rodentia Sciuridae Callospermophilus madrensis NT SF 

Tubulidentata Orycteropodidae Orycteropus afer LC SF 

Afrosoricida Chrysochloridae Amblysomus corriae NT U 

Afrosoricida Chrysochloridae Amblysomus hottentotus LC U 

Afrosoricida Chrysochloridae Amblysomus marleyi EN U 

Afrosoricida Chrysochloridae Amblysomus robustus VU U 

Afrosoricida Chrysochloridae Amblysomus septentrionalis NT U 

Afrosoricida Chrysochloridae Calcochloris obtusirostris LC U 

Afrosoricida Chrysochloridae Carpitalpa arendsi VU U 

Afrosoricida Chrysochloridae Chlorotalpa duthieae VU U 

Afrosoricida Chrysochloridae Chlorotalpa sclateri LC U 

Afrosoricida Chrysochloridae Chrysochloris asiatica LC U 

Afrosoricida Chrysochloridae Chrysochloris stuhlmanni LC U 

Afrosoricida Chrysochloridae Chrysospalax trevelyani EN U 

Afrosoricida Chrysochloridae Chrysospalax villosus VU U 

Afrosoricida Chrysochloridae Cryptochloris wintoni CR U 

Afrosoricida Chrysochloridae Cryptochloris zyli EN U 

Afrosoricida Chrysochloridae Eremitalpa granti LC U 

Afrosoricida Chrysochloridae Neamblysomus gunningi EN U 

Afrosoricida Chrysochloridae Neamblysomus julianae EN U 

Afrosoricida Chrysochloridae Calcochloris tytonis DD U 
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Afrosoricida Chrysochloridae Chrysochloris visagiei DD U 

Afrosoricida Chrysochloridae Huetia leucorhina DD U 

Eulipotyphla Talpidae Euroscaptor parvidens DD U 

Eulipotyphla Talpidae Urotrichus talpoides LC U 

Eulipotyphla Talpidae Condylura cristata LC U 

Eulipotyphla Talpidae Mogera etigo EN U 

Eulipotyphla Talpidae Mogera imaizumii LC U 

Eulipotyphla Talpidae Mogera insularis LC U 

Eulipotyphla Talpidae Mogera robusta LC U 

Eulipotyphla Talpidae Mogera tokudae NT U 

Eulipotyphla Talpidae Mogera uchidai VU U 

Eulipotyphla Talpidae Mogera wogura LC U 

Eulipotyphla Talpidae Neurotrichus gibbsii LC U 

Eulipotyphla Talpidae Parascalops breweri LC U 

Eulipotyphla Talpidae Parascaptor leucura LC U 

Eulipotyphla Talpidae Scalopus aquaticus LC U 

Eulipotyphla Talpidae Scapanulus oweni LC U 

Eulipotyphla Talpidae Scapanus latimanus LC U 

Eulipotyphla Talpidae Scapanus orarius LC U 

Eulipotyphla Talpidae Scapanus townsendii LC U 

Eulipotyphla Talpidae Scaptochirus moschatus LC U 

Eulipotyphla Talpidae Scaptonyx fusicaudus LC U 

Eulipotyphla Talpidae Talpa altaica LC U 

Eulipotyphla Talpidae Talpa caeca LC U 

Eulipotyphla Talpidae Talpa caucasica LC U 

Eulipotyphla Talpidae Talpa europaea LC U 

Eulipotyphla Talpidae Talpa levantis LC U 

Eulipotyphla Talpidae Talpa occidentalis LC U 

Eulipotyphla Talpidae Talpa romana LC U 

Eulipotyphla Talpidae Talpa stankovici LC U 

Eulipotyphla Talpidae Uropsilus gracilis LC U 

Eulipotyphla Talpidae Uropsilus soricipes LC U 

Eulipotyphla Talpidae Uropsilus andersoni DD U 

Eulipotyphla Talpidae Uropsilus investigator DD U 

Eulipotyphla Talpidae Talpa davidiana DD U 

Eulipotyphla Talpidae Dymecodon pilirostris LC U 

Notoryctemorphia Notoryctidae Notoryctes typhlops LC U 

Notoryctemorphia Notoryctidae Notoryctes caurinus LC U 

Rodentia Spalacidae Rhizomys sumatrensis LC U 

Rodentia Spalacidae Nannospalax ehrenbergi DD U 

Rodentia Spalacidae Nannospalax xanthodon DD U 

Rodentia Spalacidae Eospalax fontanierii LC U 

Rodentia Spalacidae Eospalax rothschildi LC U 

Rodentia Spalacidae Eospalax smithii LC U 

Rodentia Spalacidae Myospalax aspalax LC U 

Rodentia Spalacidae Myospalax myospalax LC U 

Rodentia Spalacidae Myospalax psilurus LC U 

Rodentia Spalacidae Nannospalax leucodon DD U 

Rodentia Spalacidae Spalax arenarius EN U 

Rodentia Spalacidae Spalax giganteus LC U 
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Rodentia Spalacidae Spalax graecus NT U 

Rodentia Spalacidae Spalax microphthalmus LC U 

Rodentia Spalacidae Spalax uralensis NT U 

Rodentia Spalacidae Spalax zemni VU U 

Rodentia Spalacidae Tachyoryctes splendens LC U 

Rodentia Cricetidae Ellobius fuscocapillus LC U 

Rodentia Cricetidae Ellobius lutescens LC U 

Rodentia Cricetidae Ellobius talpinus LC U 

Rodentia Cricetidae Ellobius tancrei LC U 

Rodentia Bathyergidae Bathyergus janetta LC U 

Rodentia Bathyergidae Bathyergus suillus LC U 

Rodentia Bathyergidae Cryptomys hottentotus LC U 

Rodentia Bathyergidae Fukomys anselli NT U 

Rodentia Bathyergidae Fukomys kafuensis VU U 

Rodentia Bathyergidae Fukomys bocagei LC U 

Rodentia Bathyergidae Fukomys zechi LC U 

Rodentia Bathyergidae Fukomys ochraceocinereus LC U 

Rodentia Bathyergidae Fukomys darlingi LC U 

Rodentia Bathyergidae Fukomys damarensis LC U 

Rodentia Bathyergidae Fukomys mechowi LC U 

Rodentia Bathyergidae Georychus capensis LC U 

Rodentia Bathyergidae Heliophobius argenteocinereus LC U 

Rodentia Bathyergidae Heterocephalus glaber LC U 

Rodentia Bathyergidae Fukomys foxi DD U 

Rodentia Octodontidae Spalacopus cyanus LC U 

F: forager; SF: semi-fossorial; U: strictly fossorial. 

 

Table S2. Information on of each group of bioturbator mammals (forager, semi-fossorial 

and fossorial), collected from the International Union for Conservation of Nature 

(IUCN) Red List website, books and online databases. 

Column Name Description 

Order Species' order name 

  

Family Species' family name 

  

Scientific name Species name 

  

IUCN status 

International Union for Conservation of Nature’s Red List of Threatened Species Categories: DD – 

data deficient; LC – least concern; NT – near threatened; VU – vulnerable; EN – endangered; CR – 

critically endangered; EX – extinct 

  

Continent 
Continent where the species is found – Africa; Asia; Europe; North America; Central America, South 

America; Oceania 

  

Country Country where the species resides 

  

Ecoregions 

Forest – boreal 

Forest - subarctic 

Forest – subantarctic 
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Forest – temperate 

Forest – subtropical/tropical dry 

Forest – subtropical/tropical moist lowland 

Forest – subtropical/tropical mangrove vegetation above high tide level 

Forest – subtropical/tropical swamp 

Forest – subtropical/tropical moist montane 

Savanna – dry 

Savanna – moist 

Shrubland – subarctic 

Shrubland – subantarctic 

Shrubland – boreal 

Shrubland – temperate 

Shrubland – subtropical/tropical dry 

Shrubland – subtropical/tropical moist 

Shrubland – subtropical/tropical high altitude 

Shrubland – mediterranean-type shrubby vegetation 

Grassland – tundra 

Grassland – subarctic 

Grassland – subantarctic 

Grassland – temperate 

Grassland – subtropical/tropical dry 

Grassland – subtropical/tropical seasonally wet/flooded 

Grassland – subtropical/tropical high altitude 

Desert – hot 

Desert – temperate 

Desert – cold 

  

Threats 

Residential and commercial development 

Agriculture and aquaculture 

Energy production and mining 

Transportation and service corridors 

Biological resource use 

Human intrusions and disturbance 

Natural system modifications 

Invasive and other problematic species, genes and diseases 

Pollution 

Geological events 

Climate change and severe weather 

Other options 

  

Bioturbation category 

F: Forager – animals that dig to find subterranean resources, as food and water (e.g. bandicoots, wild 

pigs); SF: Semi-fossorial – animals that create burrows or warrens and often live underground (e.g. 

armadillos, wombats); U: Strictly fossorial (e.g. moles) 

 



Chapter 2 

61 

 

Fig. S3. The number of mammal species in each bioturbator group (1 – foragers; 2 – 

semi-fossorial; 3 – strictly fossorial) experiencing different threatening processes (A – 

biological resource use; B – agriculture and aquaculture; C – invasive and other 

problematic species, genes and diseases; D – residential and commercial development). 

Threats included here are the three threatening processes affecting most species within 

each group. Threats included here are the three threatening processes affecting most 

species within each group. Threats were unknown or not listed for 45 (37%) foragers, 

385 (59%) semi-fossorial and 51 (54%) strictly fossorial species. The number and 

percentage of bioturbator mammal species in that group threatened by that process are 

indicated above the bars. Threats were categorised using information provided in the 

IUCN Red List website, and a species can be threatened by more than one category. 
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CHAPTER 3 
 

 

Recognising the importance of interactions among animals, plants and abiotic factors 

could accelerate the recovery of degraded landscapes, while reducing the need for 

alternative management strategies. In this Chapter, I experimentally test the benefits that 

an Australian digging mammal, the woylie (Bettongia penicillata ogilbyi), can provide 

in restoring human-modified landscapes through improving soil health and promoting 

seedling recruitment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Artificial diggings of woylies, seeds broadcasted in the diggings in the dug plots and Gastrolobium 

calycinum seedlings growing in an artificial foraging pit. 
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Abstract 

 

The conversion of natural systems into agricultural areas is a main driver of 

deforestation often resulting in soil compaction, which affects water infiltration and 

plant growth. Restoration and the establishment of native plant species in post-

agricultural areas can be costly and require active intervention. Recognising the 

importance of interactions among plants, animals and abiotic factors can accelerate 

landscape recovery and reduce management efforts. Soil disturbing mammals are often 

considered ecosystem engineers and play an important role in influencing ecosystem 

processes around the world. In areas where they have been reintroduced, they can 

improve soil conditions, fungal diversity and influence vegetation structure. However, 

reintroductions have mostly occurred in areas that have not have undergone human 

modifications, such as land clearing. Given the role digging mammals play in 

modifying habitat characteristics, the addition of their soil disturbance may help in 

restoring soil health. Using artificial diggings that mimicked natural foraging pits of 

woylies (Bettongia penicillata ogilbyi), an Australian marsupial, we examined soil 

properties, fungal assemblages and seedling recruitment to evaluate if these animals can 

act as potential agents in restoring landscapes that have experience land degradation 
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through farming. Our study was carried out across a range of a different landscape 

legacies in the south-west of Western Australia, a global biodiversity hotspot that has 

undergone extensive modification, where woylies have historically occurred or are still 

present. We found that seedling recruitment of three native species (Gastrolobium 

calycinum, Acacia acuminata and Santalum spicatum) was overall nine times greater in 

the artificial foraging pits compared to the undisturbed control plots. Soil compaction 

was 1.5 times lower and soil moisture was 1.5 times higher than undisturbed control 

plots. Ammonium nitrogen was the only nutrient that was significantly higher in the 

artificially dug plots. Surprisingly, soil fungal diversity and composition did not differ 

between treatments, which may be due to the use of artificial digging. Our findings 

indicate that bioturbator mammals, such as the woylie, can mitigate some of the 

negative impacts associated with vegetation clearing through promoting soil health, and 

subsequently contributing to native seedling germination and establishment. 

  

Keywords: bioturbation, digging mammals, ecosystem engineer, fungal diversity, 

restoration ecology, seedling recruitment, soil properties. 

 

Introduction 

 

The conversion of natural systems into agricultural areas is one of the main drivers of 

deforestation and biodiversity loss (Kissinger et al. 2012, Ceballos et al. 2015), and 

results in negative impacts on soil properties. Soil compaction is one of the most 

common physical forms of soil degradation, which alters not only soil structure, but also 

adversely affects water infiltration and plant growth (Nawaz et al. 2013). The initial 

establishment of native plant species during restoration in areas previously used for 

cropping and grazing is costly and can require continuous human intervention to return 

the system to the desired state. Innovative techniques need to be explored that focus on 

natural processes and include using fauna as restoration agents. Recognising the 

importance of interactions among plants, animals and abiotic factors could accelerate 

landscape recovery, increasing overall restoration success and reducing costs and the 

need for alternative management strategies (Byers et al. 2006). For example, several 

studies have addressed the efficiency of seed dispersal by mammals in regenerating the 

native vegetation in degraded habitats in different biomes worldwide (Matías et al. 

2010, Peredo et al. 2013, Silva et al. 2020). Similarly, soil disturbing mammals should 

also be taking into account as restoration agents more frequently. These animals are 
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often considered ecosystem engineers (Jones et al. 1994, Coggan et al. 2018) and play 

an important role in influencing ecosystem processes around the world (Mallen‐Cooper 

et al. 2019).  

 

During their excavation activities, while foraging for food, building shelter, or nesting 

underground, digging mammals alter soil physical (Halstead et al. 2020) and chemical 

properties (Platt et al. 2016). These excavation activities can improve nutrient cycling 

(Hagenah and Bennett 2013), alter soil moisture conditions (Miranda et al. 2019), 

facilitate plant recruitment (Valentine et al. 2018), fire patterns (Hayward et al. 2016, 

Ryan et al. 2020), and create important sites for microbial activity (Hawkins 1996). In 

areas where such mammals have been reintroduced, their impact on soil and 

consequently on the vegetation has been shown to assist in restoring ecosystem 

processes and increasing fungal diversity (Clarke et al. 2015, Davidson et al. 2018, 

Dundas et al. 2018). For example, the translocation of the Californian ground squirrel 

(Otospermophilus beecheyi) altered plant community composition and benefited a wider 

community of species that utilise their burrows (McCullough Hennessy et al. 2016). 

Although there has been increased recognition of the potential role these translocated 

species can play as ecosystem engineers in restoring ecosystem structure and processes 

(Palmer et al. 2020), little attention has been given to the benefits that soil disturbance 

by digging mammals may provide in habitats that have undergone human land 

degradation (Eldridge et al. 2016). 

 

Southwestern Australia has a very high floristic diversity, but has undergone extensive 

land cover modification (Gioia and Hopper 2017). In some areas, particularly in the 

Wheatbelt region, approximately 93% (18 million ha) of the original vegetation has 

been cleared for agricultural development (Saunders 1989). Natural recolonization of 

such areas by native plants in that region is slow to non-existent, even many years after 

abandonment (Yates and Hobbs 1997, Arnold et al. 1999). This is mainly due to the old, 

deeply weathered soils and low fertility (White 1994), seed dispersal limitations and 

competition with non-native grass and forb cover (Standish et al. 2007), which make it 

difficult for the native plant community to return without assistance. Given the potential 

role of digging mammals as ecosystem engineers in modifying habitat characteristics 

where they inhabit (Eldridge and James 2009, Fleming et al. 2014, Valentine et al. 

2018a, Davies et al. 2019), the addition of their soil disturbance may help in restoring 

soil health to be more suitable for native plant growth in habitats that have undergone 
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human modifications. Digging activities of echidnas (Tachyglossus aculeatus), for 

instance, presented more microbial activity compared to surface soils and demonstrated 

to be able to offset negative impacts from livestock grazing on soil functioning 

(Eldridge et al. 2016). Likewise, soil disturbances performed during the  foraging 

activities of eastern bettongs (Bettongia gaimardi) suggest these animals have the 

potential to restore temperate woodlands degraded by a history of livestock grazing 

(Munro et al. 2019). 

 

Digging mammals such as the woylie (Bettongia penicillata ogilbyi), an Australian 

marsupial macropodid, are still present in parts of the south-west of Western Australia, 

but in much lower numbers than prior to clearing for agriculture. Woylies are classified 

as critically endangered (IUCN 2020) mainly due to habitat loss and high levels of 

predation by the introduced red fox (Vulpes vulpes) and feral cat (Felis catus) (Wayne et 

al. 2013, Woinarski et al. 2019). Woylies turn over large amounts of soil during their 

nocturnal foraging activities (Garkaklis et al. 2004) and are considered important 

ecosystem engineers because their diggings also provide vital ecosystem services 

through improving soil nutrient availability and water infiltration (Garkaklis et al. 2000, 

2003), creating favourable microsites conditions for seed germination. Woylies feed on 

seeds and subterranean fungi and play an essential role in the dispersal of both seeds 

(Murphy et al. 2015, Zosky et al. 2018) and spores of mycorrhizal fungi, as many spores 

require the action of gastric enzymes to break their dormancy and are deposited intact in 

faeces (Lamont et al. 1985, Taylor 1991, Johnson 1994). Studies with similar bettong 

species that are distributed in other regions in Australia have demonstrated that these 

animals can ameliorate dry and infertile soils at a microsite scale, and influence plant 

growth survival due to the tripartite relationship between animals, plants and fungi 

(Nuske et al. 2018, Davies et al. 2019, Ross et al. 2020). 

 

In this study, we examined soil properties, fungal diversity, and seedling recruitment 

associated with the foraging activities of woylies, to evaluate if these animals can act as 

potential agents in restoring landscapes that have experience land degradation through 

farming. The study was conducted across different types of land-use types and 

vegetation in the south-west of Western Australia, where woylies have previously 

occurred or are still present. Using artificial diggings that mimicked natural woylie 

foraging pits, we compared the following in dug and control (undug) treatments: soil 



Chapter 3 

67 

compaction, moisture content, nutrient levels, fungal diversity and composition, and 

seedling recruitment of three native plants. 

 

Methods 

 

Study area 

 

The study was conducted in the Wheatbelt region in the southwest of Western Australia 

(Fig. 1A). The Wheatbelt encompasses an area of 154,862 km2 and has a range of 

vegetation types, including tall open woodlands and low heathland, with high native 

species diversity and endemism. The region has a Mediterranean-type climate with hot, 

dry summers and wet winters. The average summer maximum daily temperature is ~ 

31°C, with an average minimum winter daily temperature of 5°C. The mean annual 

rainfall is 400 mm primarily falling between May and August (Stephens and Lyons 

1998). Historically, the Wheatbelt region would have supported at least nine digging 

mammal species (Valentine 2014), most of which decreased drastically in abundance or 

became extinct from the area between the 1880s and 1920s (Abbott 2008). Apart from 

woylies, quenda (Isoodon fusciventer), numbats (Myrmecobius fasciatus) and echidnas 

(Tachyglossus aculeatus) are still present in a few areas in the Wheatbelt region, but at 

low numbers. Non-native digging mammals that may also occur in the Wheatbelt region 

include European rabbits (Oryctolagus cuniculus) and feral pigs (Sus scrofa). Four 

locations were selected for the study: a) two restoration areas – UWA Ridgefield Farm 

and Ballygin Farm, b) one state forest – Highbury State Forest, and c) one historical 

context site – Dryandra Woodland (Fig. 1A).  

 

The UWA Ridgefield Farm (RF, 32°30’S - 116°59’E) has a total area of 1,600 ha and it 

was cleared in the 1830s. The farm aims to create a mosaic of corridors that will 

eventually link the few remnants of native bush, neighbouring farms, and nearby nature 

reserves. A habitat restoration project, led by co-author Hobbs in the Ecosystem 

Restoration Intervention Ecology Research Group at the University of Western 

Australia, is examining how different combinations of native plant species affect the 

provision of ecosystem functions and services, such as carbon storage, nutrient cycling, 

soil erosion and biodiversity maintenance (Perring et al. 2012, Perring et al. 2013, 

Birnbaum et al. 2018). The area was planted for restoration trials in 2010 with 14,000 

trees inside a rabbit-proof fence encompassing 21 ha. The species planted reflect those 
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historically found in York Gum woodlands (Eucalyptus loxophleba subsp. loxophleba), 

which was the dominant ecological community before the land was cleared for cropping 

and grazing. In the restoration trials, we selected sites containing from one to eight plant 

species (without nitrogen addition) (Perring et al. 2012). Although soils are 

predominantly granitic sands, the two main soil types of the selected sites were loamy 

sand and sandy clay. Although the planted area is fenced, echidnas have occasionally 

been observed in the site. 

 

Ballygin Farm (BF, 32°31’S - 116°51’E) is 40 ha in size with the north and east 

boundaries bounded by Boyagin Nature Reserve. The area, which was cleared in the 

1960s, was most recently used to grow oats (Avena sativa) and canola (Brassica napus) 

and as sheep pasture in non-crop years. The soil is predominantly clay and lateritic. 

From 2004 to 2014 the area was revegetated with 22,000 native Western Australia trees 

and shrubs with mixed species including Acacia acuminata and Banksia prionotes. 

Although woylies are known to occur at the adjacent Boyagin Nature Reserve, these 

animals have not been recorded at the farm. Echidnas, on the other hand, are 

occasionally seen in the area, and rabbits and feral pigs are also likely to occur. 

 

Dryandra Woodland (DW, 32°48’S - 116°54’E), comprising Montague and Lol Gray 

State Forests, is a non-predator fenced reserve (e.g. live-stock fencing that doesn’t 

exclude introduced predators) and has a total area of 28,000 ha. The area is 

predominantly wandoo woodland, dominated by white-barked wandoo (Eucalyptus 

wandoo) and powder bark wandoo (Eucalyptus accedens). The reserve comprises 17 

blocks, which includes areas that are subject to fox control via Compound 1080 (sodium 

monofluoroacetate) poison baiting. Digging mammals such as woylies, quenda, 

numbats and echidnas are either present or absent across each of the 17 blocks. Sites 

used in this study were all located in the main block, the largest of the 17 blocks, where 

all four species occur and which has one of the biggest remaining woylie populations 

(Groom 2010, Wayne et al. 2013). Sandy clay and lateritic soil were the main types of 

soils where our sites were located. 

 

Highbury State Forest 52 (HSF, 33°08’S - 117°04’E) comprises 7 of the 17 blocks of 

Dryandra Woodland. Borgey Block, one of the seven Highbury Forest blocks is a 7,500 

ha non-predator fenced and an unbaited area. Echidnas are the only native digger to still 

occur at this site. Relative to baited blocks of Dryandra Woodland, foxes are in higher 
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abundance while feral cat densities are generally lower at the unbaited HSF (Marlow et 

al. 2015). 

 

Sampling design 

 

At each location, we selected three areas that were varying distances apart depending on 

the location (Fig. 1A and B). In RF and BF, the distance between the selected three 

areas was ~200 m. Due to the larger and more heterogeneous areas of HSF and DW, 

distances between areas varied from two to three km. At each area, we had three sites 

(N = 9 sites per location; 36 in total) separated by 100 m in HSF and DW and ~50 m in 

RF and BF, with each site containing three paired 10 x 10 m plots (Fig. 1A and B). In 

one of each paired-plot, we created artificial diggings (hereafter referred to as “dug 

plots”), mimicking the foraging diggings of woylies, while the other plot was the 

control. Artificial diggings of woylies and/or similar digging mammal species have 

been shown to be effective in addressing similar questions in other studies (Garkaklis et 

al. 2000, Valentine et al. 2017, Ross et al. 2019). Previous research indicates that 

woylies create an average of 70 foraging diggings per individual per night, ~25 diggings 

per 100 m2 (Garkaklis et al. 2004). To accurately mimic the density, shape, and size of 

woylie foraging diggings we visited each site every two months, from November 2018 

to May 2019, to dig six artificial diggings per dug plot, using moulds of naturally 

occurring woylie foraging diggings, previously made with plaster of Paris. Thus, in each 

dug plot there were artificial diggings of different ages, with a total of 24 diggings per 

dug plot. The plots were marked at the corners using wooden stakes, and hence were 

accessible to resident digging animals; and, depending on the location, both the control 

and dug plots may have been subjected to previous digging by animals already present. 
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Fig. 1. (A) Study locations (solid black dots), which are represented by the red dot 

within the Wheatbelt region, in the south-west of Western Australia. 1) Ballygin Farm 

(restored area); 2) Ridgefield Farm (restored area); 3) Dryandra Woodland main block 

(historical context site); 4) Borgey Block, Highbury Forest 52 (state forest). The green 

region indicates the remnants of vegetation cover. Panel (B) and (C) show a schematic 

representation of how the areas, sites and paired-plots (control and dug) were 

established at each location, as well as the position of camera traps. Distance between 

the areas varied among the four locations. 

 

Digging mammal species 

 

To ascertain which animals visited each location, we used camera traps (Reconyx HF2X 

HyperFire 2 and Reconyx Hyperfire HC600) to monitor animal activities. The survey 

was carried out from May to August 2019, using one camera trap at a time in one 

paired-plot of each of the three sites at each location. Cameras were left in each paired-

plot of each site for one month at a time and then moved to a new paired-plot from that 

same site until all the paired-plots of each site of each location had been sampled. 

Cameras were installed at 30cm above the ground surface on metal fence droppers 
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placed between the control and dug plots at all sites (Fig. 1B). Sampling effort at each 

paired-plot was standardized at 30 camera trap/day (720 camera trap/hour), and the 

digging mammal species and occurrence observed at each location were reported. 

Camera trap photos of the same species taken within a 24-hour interval, and for which it 

was not possible to identify natural marks, were considered a single record. 

 

Seedling recruitment 

 

To compare seedling recruitment at each site between the locations and treatment 

(control and dug), we conducted a seedling recruitment trial. We used seeds of three 

Western Australian native species, Gastrolobium calycinum, Acacia acuminata and 

Santalum spicatum. Gastrolobium spp. are mostly small shrubs up to 2 m tall. They 

naturally produce sodium monofluoroacetate, a chemical that is also synthesised as the 

pesticide Compound 1080, widely used to control introduced predators in Western 

Australia, that unlike the native wildlife, do not have a natural resistance (Thompson 

and Fleming 1994). Acacia acuminata is a small tree that can grow up to 10 m tall. 

Santalum spicatum is a small tree that usually reaches 3 to 5 m tall. All plant species are 

common in the geographic range in which this study was conducted. Gastrolobium spp. 

have also been found in scats of woylies (Christensen 1980), and the seeds of both A. 

acuminata and S. spicatum are known to be a food source for these animals (Murphy et 

al. 2005). Through seed caching behaviour, woylies can move seeds of S. spicatum far 

away from the parent plant, influencing plant recruitment and modifying its distribution 

(Murphy et al. 2015).  

 

Due to restrictions on seed use in the conservation areas (HSF and DW), only seeds 

collected within the reserves could be used at these sites:  thus, only G. calycinum seed 

was used. Although we aimed to collect seeds of G. calycinum, one of the most 

common species of Gastrolobium in the historical context site, the collection may also 

have included Gastrolobium microcarpum seeds, as the two species co-occur and both 

plant and seeds are morphologically difficult to distinguish in the field. Seed collection 

occurred in DW, during the fruiting season of the species, for four days in December 

2018, and seed pods were pulled off, using gloves, from each shrub branch. Despite a 

massive seed collection effort, only enough seeds were collected to be used at the 

protected area sites (HSF and DW). However, due to less stringent management at the 

restored areas, seeds of G. calycinum could be purchased from a commercial supplier 



Chapter 3 

72 

(Nindethana Australian Native Seeds – King River, Western Australia), instead of being 

manually wild-collected. This also allowed the use of extra species (A. acuminata and S. 

spicatum) at those areas. Because germination percentages of G. calycinum were similar 

between collected seeds and purchased seeds (average of 80% germination, after heat 

treatment to break physical dormancy), we have assumed similar germination and 

viability of Gastrolobium in the four locations. Before running the seedling recruitment 

trial, G. calycinum and A. acuminata seeds were heat-treated at Kings Park Sciences’ 

seed laboratory of the Department of Biodiversity, Conservation and Attractions, using 

techniques described in Sweedman and Merritt (2006), and S. spicatum nuts were 

cracked in order to increase germination (Woodall 2004).  

 

In July 2019, we choose four artificial diggings, selected from the 24 artificial diggings 

in each dug plot, and four random spots in the control plots, to broadcast the seeds, 

bulked with 50 g of vermiculite and scattered by hand on the soil surface. At all four 

locations, in each plot, we sowed 1.10 g (ca. 80 seeds) of seeds of G. calycinum.  In the 

restored areas (RF and BF) only, we also sowed 1.30 g (ca. 80 seeds) of A. acuminata 

and 10 cracked nuts of S. spicatum. Seeds were broadcast along the artificial foraging 

pit profile and adjacent undisturbed area, in a pre-delimited quadrat of 30 x 60 cm, 

which was based on the total size (pit and spoil heap) of naturally occurring woylie 

foraging digs. In August 2019 we counted the number of recruited seedlings per plot, 

and averaged the number of seedlings in either dug or control plots per site. 

 

Soil properties 

 

We measured soil compaction and moisture content and collected soil samples to 

examine major soil nutrients in October 2019, one year after we first started creating 

artificial diggings in the plots. At each site, we measured soil compaction (kg cm-2) 

using a pocket penetrometer (LC24565 Geotester Penetrometer) and soil moisture 

content (%) using a soil probe (HydroSense II – Campbell Scientific) at three places in 

the four artificial diggings in each dug plot or the random spots in the control plots that 

had been seeded in the previous experiment.  For the four artificial diggings, 

measurements were taken from the pit, spoil heap and undisturbed area. Measurements 

were then averaged across either dug or control plots per site. Soil samples at each site 

were collected using a small shovel to obtain ~200g of soil (top 7 cm of soil) from i) 

artificial diggings (pit, spoil and undisturbed) from the three dug plots, which were then 
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bulked per site and ii) random spots in the control plots which were bulked per site. 

Samples were analysed for ammonium nitrogen (mg kg-1), nitrate nitrogen (mg kg-1), 

phosphorus (Colwell) (mg kg-1), potassium (Colwell) (mg kg-1), sulfur (KCl 40) (mg kg-

1), organic carbon (Walkley Black) (%), conductivity (dS m-1), and pH CaCl2. Soil 

nutrient analyses were undertaken using standard procedures by CSBP Soil and Plant 

Analysis Laboratory (Bibra Lake, Western Australia). 

 

Soil fungal diversity, taxa and community composition 

 

To investigate soil fungal diversity and community composition, in October 2019 we 

collected soil from the same areas described for soil nutrient collection (~15 g of soil 

from either dug or control plots, bulked per site). To avoid contamination, soils were 

collected using a different clean plastic spoon for each treatment type at each site and 

kept in the freezer until they were analysed. We performed DNA extractions from soil 

subsamples (0.25 g), using the DNeasy PowerLyzer PowerSoil Kit (Qiagen) and 

following the manufacturer’s protocols. All extractions were performed with extraction 

controls.  

 

The ITS2 region of the ribosome encoding genes was amplified using the fungal-

specific primer FITS7, specific for higher fungi (Ihrmark et al. 2012) and the general 

primer ITS4 (White et al. 1990). An initial round of quantitative polymerase chain 

reaction using full concentration, 1/10, and 1/100 dilution samples enabled assessment 

of suitable DNA templates and potential PCR inhibition in all samples. Based on 

preliminary qPCR results, optimal dilutions were then PCR amplified with unique 

multiplex identifiers (MID tags). Amplification was performed following the protocols 

outlined in Ihrmark et al. (2012) and Berry et al. (2017) using AmpliTaq Gold™ DNA 

Polymerase (Life Technologies), 35 amplification cycles and an annealing temperature 

of 57 °C. Both primers contained MID (Multiplex IDentifier) tags of six to eight base 

pairs in length and the appropriate Illumina adaptor sequences. A unique combination of 

MID tags was assigned to each individual DNA extract to allow for the assignment of 

sequences to a sample after sequencing. Two replicate PCRs were performed per 

sample and negative controls (PCR and extraction controls) were tagged separately. 

Following qPCR, tagged amplicons were combined in approximately equimolar 

concentrations and size selected using a Pippin Prep (Sage Science). Sequencing was 
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performed on an Illumina MiSeq sequencing platform (Illumina, USA), following 

manufacturer’s protocols.  

 

Sequences were assigned to samples based on their MID tag using Geneious v.R10 

(Kearse et al., 2012) as outlined in Berry et al. (2017). Adaptor/primer regions were 

removed and the remaining amplicons were cleaned up and clustered in the Sequence 

Clustering and Analysis of Tagged Amplicons (SCATA) pipeline 

(scata.mykopat.slu.se), a bioinformatics pipeline specially developed for processing 

fungal ITS data sets derived from high throughput sequencing (Lindahl et al. 2013). A 

clustering similarity of 98.5% was used, corresponding approximately to species level 

for ITS (Lindahl et al. 2013, Ottosson et al. 2015, Nguyen et al. 2017). The most 

abundant genotype for each cluster was used to represent each operational taxonomic 

unit (OTU).  

 

Representative cluster sequences (operational taxonomic units or OTUs) were identified 

by searching against internally curated SCATA databases, including a recent version of 

UNITE (Koljalg et al 2013, Clemmensen et al 2015), and data collected for a number of 

other studies of fungi in southwestern Australia (Dundas et al. 2018, Hopkins et al. 

2018, Tay et al. 2018, Birnbaum et al. 2019). The OTUs were then blasted against 

NCBI’s sequence database Gen-Bank (Altschul et al. 1990) through Geneious (version 

R8.0.2, http://geneious.com see Kearse et al. 2012). Putative species-level assignment 

was made based on best matches over the entire length of the query sequence as 

described in (Hopkins et al. 2018). The relative abundance of each OTU per sample was 

determined from the sequence reads as the number of reads for an OTU divided by the 

total number of reads for the sample. Singletons and doubletons OTUs found in less 

than 1% of samples were removed (Nguyen et al. 2017).  

 

OTUs were ranked by the number of reads in the dataset, and for the 200 most abundant 

OTUs across the dataset (representing 90% of all reads), we performed NCBI blastn 

searches for identification (as described above) and literature searches to assign them a 

putative function. Where identifications could be made with sufficient accuracy, OTUs 

were designated to a putative ecological functional group sensu FUNGuild (Nguyen et 

al. 2016). The life history of the majority of identified OTUs was determined based on 

literature searches. For a small number of OTUs, searches on NCBI revealed a close 

alignment with sequences from a known source (e.g. fruiting body, mycorrhizal root tip) 
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and this information was used as an additional layer to guide putative life history 

classification. Guilds used in this study included ectomycorrhiza (ECM), arbuscular 

mycorrhiza (AM), saprotroph, endophyte, or pathogen. Where guild membership was 

ambiguous (i.e. ECM or saprotroph), OTUs were assigned membership in both groups. 

To compare the diversity of fungi OTUs present in the soil, we calculated the Shannon’s 

Diversity Index (Shannon’s H’) and the total number of fungal taxa per site. 

 

Data analysis 

 

We used Generalized Linear Mixed Modelling (GLMM) and Linear Mixed Modelling 

(LMM) approaches to examine the differences in response variables among the four 

locations (RF, BF, HSF and DW) and between treatments (dug and control) at the site 

level. Our response variables included seedling recruitment of G. calycinum, A. 

acuminata and S. spicatum, soil compaction, moisture content, ammonium nitrogen, 

nitrate nitrogen, phosphorus, potassium, sulfur, organic carbon, conductivity, pH CaCl2, 

Shannon’s H’ and total fungal taxa. Seedling recruitment for G. calycinum was analysed 

for the four locations while A. acuminata and S. spicatum were only analysed for the 

two restored locations (RF and BF). Seedling recruitment and total fungal taxa were 

modelled using GLMM via a negative binomial distribution. Soil compaction, nitrate 

nitrogen, phosphorus and potassium were log-transformed, and moisture content, 

ammonium nitrogen, sulfur and conductivity were transformed using Box–Cox 

transformation to ensure that the probability distribution of the prediction errors is 

approximately Gaussian. These variables and Shannon’s H’ were then modelled using 

LMM via a Gaussian distribution. Each variable modelled included area identifier as a 

random intercept to account for the non-independence of the areas (3 areas per 

location). Models were fitted using the functions lmer and glmer and from the ‘lme4’ 

library (Bates et al. 2014) in R 4.0.3. For the GLMM, we used the function Anova from 

the “car” library (Fox and Weisberg 2018) to examine the model fixed effects based on 

Wald Chi-square tests (χ²). If a significant location effect was detected, pairwise Tukey 

HSD tests (Zar 1999) were performed. If a significant treatment effect was detected, 

post-hoc GLMM or LMM approaches were used to compare the differences between 

treatment (dug or control) at each specific location to aid our ecological interpretations. 

We modelled the response variable (using the same approaches described above) for 

each location with treatment (dug versus control) and retained the area identifier as a 

random intercept to account for the non-independence of the areas. 
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To compare the fungal community composition in the soil samples, we performed Non-

metric Multidimensional Scaling (NMDS) using Bray–Curtis similarity index. 

Differences in the community of soil fungi among the four locations (RF, BF, HSF, and 

DW) and between treatment (control and dug) were assessed using a two-way 

PERMANOVA. These analyses were followed by Indicator Species Analysis, using the 

function multipatt (multilevel pattern analysis) from the ‘indicspecies’ library (Cáceres 

and Legendre 2009), to determine which OTUs contributed to the observed differences 

in fungal communities. Analyses were performed using R 4.0.3 (R Development Core 

2018). 

 

Results 

 

Digging mammal species 

 

Based on 25,920 camera-trapping hours, we recorded a total of 11 mammal species, 

including four native digging mammals (woylies, quenda, numbats, and echidnas), 

which were observed visiting some or all of the four locations (Table S1). Echidnas 

were the only digging mammal species to occur in all four locations, while woylies, 

quenda and numbats only occurred in DW (Table S1). However, none of the cameras 

recorded animals performing digging activities, only passing in front of them. 

Introduced species, including red foxes and feral cats, were recorded in the state forest 

(HSF) and the two restored areas. Feral pigs were also recorded in the BF, but there 

were no records or observational signs of rabbits anywhere (Table S1).  

 

Seedling recruitment 

 

Seedling recruitment of G. calycinum differed among the four locations (χ² = 18.88, p < 

0.001) and between treatments (χ² = 116.80, p < 0.001; Table S2). Dug plots had the 

highest number of seedlings at all four locations, but the magnitude of difference 

between dug and control plots was greater in the restored areas (BF and RF) than in the 

state forest (HSF) and historical context site (DW; Fig. 2A). Seedling recruitment of A. 

acuminata and S. spicatum was higher in the dug plots (χ² = 5.01, p = 0.025 and χ² = 

4.63, p = 0.031, respectively) but post-hoc tests indicated this was only at RF (Fig. 2B 

and C; Table S3). Overall, there was no difference in A. acuminata and S. spicatum 
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recruitment between the two restored locations (χ² = 0, p = 1 and χ² = 0.10, p = 0.751, 

respectively). Interactions were not significant for any of the variables 

 

 

Fig. 2. Seedling recruitment (average seedlings per site) of (A) Gastrolobium 

calycinum, (B) Acacia acuminata and (C) Santalum spicatum in treatments (control and 

dug) at each of the four locations (RF: Ridgefield Farm; BF: Ballygin Farm; HSF: 

Highbury State Forest; DW: Dryandra Woodland). Medians are denoted by horizontal 

lines, the interquartile range box represents the middle 50% of the data, and the 

whiskers represent full data ranges. Dashed lines represent means and asterisks 

represent significant differences between treatments based on the results of the post-hoc 

GLMMs (Table S3). 

 

Soil properties 

 

Most soil properties varied among the four locations and between treatments (Table S2). 

Soil compaction differed among locations (F3,8.797 = 9.71, p = 0.003; Table S2) and was 

lower in the dug plots (F1,58.887 = 35.41 p > 0.001; Fig. 3) at all locations (Fig. 3A; Table 

S4). Soil moisture content differed among locations (F3,7.788 = 4.81, p = 0.034; Table 

S2) and was higher in the dug plots (F1,55.790 = 25.56, p < 0.001) at all locations (Fig. 

3B; Table S4). Ammonium nitrogen levels differed among locations (F3,8 = 5.33, p = 

0.026; Table S2) and were higher in the dug plots (F1,56 = 7.84, p = 0.006), but only for 

the two restored areas (BF and RF) (Fig. 3C; Table S4). Levels of nitrate nitrogen were 

similar across locations (F3,8 = 1.95, p = 0.198) but were lower in the dug plots (F1,56 = 

7.95, p = 0.006), although post-hoc analyses only detected this at BF (Fig. 3D; Table 

S4). Levels of phosphorus differed among locations (F3,8 = 61.64, p < 0.001; Table S2) 

and were higher in the restored locations (RF and BF) compared to the state forest 

(HSF) and historical context site (DW; Fig. 3E), but there was no differences between 

treatments (F1,56 = 0.12, p = 0.722). Levels of potassium differed among locations (F3,8 
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= 4.07, p = 0.049; Table S2) and were higher in RF compared to DW (Fig. 3F), but not 

between treatments (F1,56 = 2.61, p = 0.111). Levels of sulfur differed among locations 

(F3,8 = 5.02, p = 0.030; Table S2), which were higher at HSF (Fig. 3G), but not between 

treatments (F3,56 = 0.76, p = 0.385). Levels of organic carbon differed among locations 

(F3,8 = 9.51, p = 0.005; Table S2), which were higher in BF and HSF compared to DW 

and RF (Fig. 3H), but not between treatments (F1,56 = 1.88, p = 0.174). Conductivity 

differed among locations (F3,64 = 20.58, p < 0.001; Table S2), which was higher in HSF 

than in the other locations (Fig. 3I), but not between treatments (F1,64 = 1.33, p = 0.251). 

The pH CaCl2 did not vary among locations (F3,8 = 0.75, p = 0.550) or between 

treatments (F1,56 = 0.05, p = 0.818). Interactions were not significant for any of the 

variables. 
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Fig. 3. Soil (A) compaction (kg cm-2), 

(B) moisture content (%), (C) 

ammonium nitrogen (mg kg-1), (D) 

nitrate nitrogen (mg kg-1), (E) 

phosphorus (mg kg-1), (F) potassium 

(mg kg-1), (G) sulfur (mg kg-1), (H) 

organic carbon (%) and (J) conductivity 

(dS m-1), measured from the four 

locations (RF: Ridgefield Farm; BF: 

Ballygin Farm; HSF: Highbury State 

Forest; DW: Dryandra Woodland), and 

treatments (control and dug). Medians 

are denoted by horizontal lines, the 

interquartile range box represents the 

middle 50% of the data, and the 

whiskers represent full data ranges. 

Dashed lines represent means and 

asterisks represent significant 

differences between treatments based on 

the results of post-hoc LMM (Table S4). 
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Fungal diversity, taxa and community composition 

 

There was no difference in soil fungal diversity (Fig. S1A) and number of fungal taxa 

(Fig. S1B) across the four locations (F3,57 = 0.28, p = 0.832 and χ² = 0.53, p = 0.911, 

respectively) and between the treatments (F1,57 = 0.09, p = 0.756 and χ² = 3.45, p = 

0.062, respectively). There were also no differences in soil fungal community 

composition (Fig. S2) across the four locations (F = 1.07, R2 = 0.01, p = 0.329) and 

between the treatments (F = 0.95, R2 = 0.04, p = 0.544). Interactions were not 

significant for any of the variables. 

 

Discussion 

 

In this study, we considered whether woylies can act as potential agents in restoring 

degraded landscapes via the effects of their foraging activities on soil properties, fungal 

diversity and composition, and seedling recruitment. Across all locations, we found that 

overall seedling recruitment was 9 times greater in the artificial foraging pits than in 

control plots, while soil compaction was 1.5 times less and soil moisture was 1.5 times 

greater in dug plots than undisturbed control plots, respectively. Artificial woylie 

diggings influenced soil nutrients, but the effects were not consistent across all locations 

and paired-plots. Soil fungal taxa, diversity and community composition, on the other 

hand, did not differ between the treatments or locations. 

 

Our study demonstrated that seedling recruitment was substantially greater in foraging 

pits than in the control undisturbed soil. This result was consistent with other studies. 

Diggings of the Indian crested porcupine (Hystrix indica), for instance, promoted higher 

seedling emergence compared with the undisturbed soil surface, mainly due to the 

altered soil moisture and nutrient levels inside the pit (Alkon 1999). Similarly, studies 

that also examined how digging activities affect seedling recruitment by artificially 

mimicking diggings of other species, found a greater number of seedlings in the pit in 

relation to the undisturbed surrounding area (James et al. 2010, Valentine et al. 2017). 

This is important because, besides acting as a safe place for seeds by protecting them 

against wind and predators (Radnan and Eldridge 2017), the excavated area created by 

digging mammals may also promote favourable site for germination and survival of 

seedlings (Ross et al. 2020).  
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Physical factors, such as temperature, moisture and soil structure can be determining 

factors for seed germination (Bragg et al. 2005, Whitesides and Butler 2016). In our 

study, soil compaction was lower and soil moisture higher and in all dug plots than in 

the control plots. Previous studies have also shown that foraging activities of woylies 

create water-absorbent sites within the undisturbed and predominantly water repellent 

surface in the short-term (Garkaklis et al. 1998). Digging activities improve soil 

structure, as soil particles are rearranged into less densely packed aggregates with larger 

pores present in between. For example, translocated eastern barred bandicoots 

(Perameles gunnii) reduced soil compaction by digging (Halstead et al. 2020). 

Similarly, soils in grassland areas where black-tailed prairie dogs (Cynomys 

ludovicianus) are present were less compacted than soils within sites where the species 

is absent (Martínez-Estévez et al. 2013). Lower soil compaction enhances both 

infiltration and water-holding capacity (Davies et al. 2019), promoting water movement 

within the soil profile and consequently benefiting root and plant growth through 

increased nutrient uptake (Nawaz et al. 2013). 

 

Contrary to other studies, we did not observe marked differences in nutrient levels, 

probably because distinctions between soil disturbances and the non-disturbed areas 

tend to become more evident after one year (Mallen‐Cooper et al. 2019). The time 

frame over which our study was conducted may also not have been long enough to 

observe soil fungal differences between the dug and control plots. Dundas et al. (2018) 

also did not find any differences in fungal assemblages of soil collected inside a recently 

installed predator-proof area, compared with outside, where quenda and woylies 

densities were lower. This was attributed to the fact that the area had been fenced only 

for four years before the study, which was not enough time to observe significant 

changes. The same study, however, found major differences in fungal community 

composition inside and outside another predator-proof area, which had been in place for 

20 years.  

 

Soil-disturbing mammals are known to create important sites for fungal activity, 

especially in arid environments (Eldridge et al. 2015). In arid regions of the 

southwestern United States and northern Mexico, soil mounds of burrow systems of the 

banner-tailed kangaroo rat (Dipodomys spectabilis) presented more abundant fungal 

colonies compared to areas distant from the burrows (Hawkins 1996). This was 

associated with the physical disturbance that enhanced decomposition of organic matter 
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in the excavated mounds. Additionally, many digging mammal species also play an 

important role in fungal dispersal. Tuco-tucos (Ctenomys spp.), for example, disperse 

mycorrhizal and root endophytic fungal propagules in their scats while burrowing, 

which results in a higher abundance of fungi in burrows compared to non-burrow soils 

(Miranda et al. 2020). The lack of fungal contrasts in our study may be then due to the 

use of artificial diggings, which may not match the overall complexity of natural 

diggings. 

 

The results of our study suggest that reworking of soil by itself, such as in our artificial 

foraging pits, may not be sufficient to increase fungal diversity and composition, or it is 

potentially missing part of the picture. A laboratory experiment with a similar bettong 

species (Bettongia gaimardi) used in our study demonstrated that these animals 

responded to olfactory cues emanating from the fungi, digging much more where the 

fungi or volatile compounds were present compared to control sites (Donaldson and 

Stoddart 1994). A real woylie may thus target areas that contain more attractive fungal 

resources to forage, especially during the wet season when digging activities for 

hypogeal fungal fruiting bodies are more prevalent (Abell et al. 2006, Zosky et al. 

2018). Woylies also play a critical role in ecosystem health by maintaining the diversity 

of fungi through dispersing fungal spores (Johnson 1995, Clarke et al. 2015). Thus, only 

an actual woylie would be able to transport fungi to other areas, which may attach to the 

claws or body of the animal, as well as being dispersed through the faeces during the 

foraging activities.  

 

Our study is the first to comprehensively look at multiple factors likely to be affected by 

foraging diggings, across a range of land-use types and vegetation. Our findings clearly 

demonstrate that digging mammals are able to alter soil physical properties associated 

with compaction and moisture levels, which may contribute to increased seedling 

recruitment. Although we did not observe changes in biological conditions, it has 

already been demonstrated that soil disturbances by mammalian engineers can offset the 

negative impacts from livestock disturbance, by creating ecological refuges that 

promotes microbial communities (Eldridge et al. 2016). Overall, strategies of 

reintroducing ecosystem engineers for the purpose of ecosystem restoration have been 

shown to assist in overcoming soil issues and accelerating landscape recovery (Byers et 

al. 2006, Holl et al. 2012). This in turn, simultaneously preserves the animal species 

while improving plant diversity, establishment and growth (Law et al. 2017).  
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Predator management is a high priority for conservation reserves because of the threat 

that predators represent to native mammals. Indeed, without intensive control or 

complete removal of predators, the presence of many native species of mammal, as well 

as the benefit from their interactions with the environment, would not be possible. 

However, in many cases, the focus of restoration programs pays little attention to the 

effects that restored mammal populations have on ecosystems (Lipsey et al. 2007, Cross 

et al. 2020). Interactions between mammals and seeds, for example, have been shown to 

be efficient and to contribute to the reforestation of cleared areas in many parts of the 

world (Cantor et al. 2010, Matías et al, 2010). Taken together with the results of this 

and previous studies, soil disturbance by bioturbator animals in modified landscapes 

could potentially boost restoration successes while reducing costs and efforts. 
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Supporting Information 

 

  

Fig. S1. (A) diversity of fungal communities (represented by Shannon’s H’), and (B) the 

total number of fungal taxa (OTUs) present in soil collected from the control and dug 

plots in each of the four locations (BF: Ballygin Farm; DW: Dryandra Woodland; HSF: 

Highbury State Forest; RF: Ridgefield Farm). Medians are denoted by horizontal lines, 

the interquartile range box represents the middle 50% of the data, and the whiskers 

represent full data ranges. Dashed lines represent means. 
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Fig. S2. Non-Multidimensional Scaling (NMDS) plot showing the difference of fungal 

communities in soil collected from dug (dark orange circles) and control plots (light 

orange circles) in the four locations combined (BF: Ballygin Farm; DW: Dryandra 

Woodland; HSF: Highbury State Forest; RF: Ridgefield Farm). 

 

Table S1. List of mammal species recorded at each of the four locations. 

 Records 

Species RF BF HSF DW 

Tachyglossus aculeatus (echidna) 1 14 5 14 

Isoodon fusciventer (quenda) 0 0 0 4 

Bettongia penicillata (woylie) 0 0 0 71 

Myrmecobius fasciatus (numbat) 0 0 0 4 

Dasyurus geoffroii (chuditch) 0 1 0 5 

Trichosurus vulpecula (common brushtail possum) 0 2 3 42 

Macropus Irma (western brush wallaby) 0 0 0 2 

Macropus fuliginosus (western grey kangaroo) 3 6 5 11 

Felis catus (feral cat) 2 6 0 0 

Vulpes vulpes (red fox) 4 6 1 0 

Sus scrofa (feral pig) 0 2 0 0 

RF: Ridgefield Farm (restored area); BF: Ballygin Farm (restored area); HSF: Highbury 

State Forest (state forest); DW: Dryandra Woodland (historical context site). 
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Table S2. Tukey’s post-hoc test results for seedling recruitment, soil compaction, 

moisture content and soil nutrients response variables per site measured in the 

treatments (control and dug) in the four locations. Non-significant p-values were 

excluded from the table. 

Response Variable Comparison Estimate SE z value Pr(>|z|) 

G. calycinum seedling recruitment      

 RF – DW 0.518 0.169 3.050 0.012 

 RF – HSF 0.717 0.181 3.957 <0.001 

Compaction      

 BF – HSF -0.679 0.16 -4.243 <0.001 

 HSF – DW -0.421 -2.919 -2.919 0.018 

 RF – HSF 0.574 0.16 3.584 0.001 

Moisture content      

 BF – RF -1.607 0.563 -2.850 0.021 

 DW – RF -1.370 0.528 -2.591 0.045 

Ammonium nitrogen      

 HSF – RF -0.698 0.17 -4.098 <0.001 

Phosphorus      

 BF – DW -2.037 0.224 -9.094 <0.001 

 BF – HSF -1.562 0.224 -6.975 <0.001 

 RF – DW 2.109 0.224 9.414 <0.001 

 RF – HSF 1.634 0.224 7.295 <0.001 

Potassium      

 RF – DW 0.781 0.287 2.715 0.033 

Sulfur      

 HSF – BF 0.332 0.132 2.518 0.057 

 HSF – RF -0.48 0.132 -3.632 0.001 

Organic carbon      

 DW – BF -0.989 0.371 -2.665 0.038 

 RF – BF -0.985 0.371 -2.654 0.039 

Conductivity      

 HSF – BF 7.035 1.399 5.026 <0.001 

 HSF – DW 5.380 1.399 3.843 <0.001 

 HSF – RF -7.588 1.399 -5.421 <0.001 

RF: Ridgefield Farm (restored area); BF: Ballygin Farm (restored area); HSF: Highbury 

State Forest (state forest); DW: Dryandra Woodland (historical context site).  

 

Table S3. Post-hoc location specific results examining seedling recruitment response 

variables to treatments (dug vs control). Significant differences were computed by Wald 

tests on each Generalized Linear Mixed Model (GLMM) and are presented in bold. 
Response Variable Comparison Chisq Pr(>Chisq) 

G. calycinum     

 Dryandra Woodland: Dug vs Control 23.65 <0.001 

 Highbury State Forest: Dug vs Control 19.71 <0.001 
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 Ballygin Farm: Dug vs Control 32.69 <0.001 

 Ridgefield Farm: Dug vs Control 35.31 <0.001 

A. acuminata     

  Ballygin Farm: Dug vs Control 1.71 0.189 

 Ridgefield Farm: Dug vs Control 3.92 0.047 

S. spicatum     

 Ballygin Farm: Dug vs Control 1.20 0.271 

  Ridgefield Farm: Dug vs Control 3.65 0.050 

 

Table S4. Post-hoc location specific results examining soil compaction, moisture 

content and nutrients response variables to treatments (dug vs control). Significant 

differences were computed on each Linear Mixed Model (LMM) and are presented in 

bold. 

Response Variable Comparison NumDF DenDF F value Pr(>F) 

Soil compaction      

 Dryandra Woodland: Dug vs Control 1 14 24.8 <0.001 

 Highbury State Forest: Dug vs Control 1 15.824 9.53 0.007 

 Ballygin Farm: Dug vs Control 1 14 7.97 0.013 

  Ridgefield Farm: Dug vs Control 1 14 8.78 0.010 

Moisture content      

 Dryandra Woodland: Dug vs Control 1 14 4.8 0.045 

 Highbury State Forest: Dug vs Control 1 14 10.91 0.005 

 Ballygin Farm: Dug vs Control 1 16 7.83 0.012 

 Ridgefield Farm: Dug vs Control 1 16 4.98 0.040 

Ammonium nitrogen         

 Dryandra Woodland: Dug vs Control 1 14 0.10 0.746 

 Highbury State Forest: Dug vs Control 1 14 0.48 0.495 

 Ballygin Farm: Dug vs Control 1 14 9.23 0.008 

  Ridgefield Farm: Dug vs Control 1 16 10.77 0.004 

Nitrate nitrogen      

 Dryandra Woodland: Dug vs Control 1 14 1.94 0.184 

 Highbury State Forest: Dug vs Control 1 14 2.03 0.175 

 Ballygin Farm: Dug vs Control 1 16 9.35 0.007 

  Ridgefield Farm: Dug vs Control 1 16 0.40 0.532 
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CHAPTER 4 
 

 

Diggings capture plant litter while the excavated soil covers the organic matter on the 

surface, in both cases decomposing debris faster than surface litter. As the digging ages, 

the excavated soil erodes back into it. This in turn, increases soil fertility at the 

microsite scale. In this Chapter, I focused on evaluating the role of an Australian 

marsupial, the woylie (Bettongia penicillata ogilbyi) in facilitating plant recruitment and 

growth, by examining chemical properties, seedling growth of two native plants and 

rhizosphere fungal activity in soil from fresh and old natural foraging diggings. 

 

 

 

 

 

 

 

Soil cores collected from the three locations (pit, spoil heap, control) and Gastrolobium calycinum 

seedlings grown in old diggings of woylies.
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Abstract 

 

Bioturbator mammals are considered ecosystem engineers and may play an important 

role in seedling recruitment. Burrows, diggings, and pits can act as safe sites for seeds 

and enhance seed germination because of altered microclimatic conditions. In addition, 

the excavated area can also capture plant litter, altering soil fertility at local scales. In 

this study, we examined nutrient levels, seedling growth, and rhizosphere fungal 

activity in soils disturbed by the foraging activity of an Australian marsupial, the woylie 

(Bettongia penicillata ogilbyi). Soil, for nutrient analyses, was collected from the base 

of fresh and eight months old foraging pits (pit), the associated spoil heaps (spoil) and 

adjacent undisturbed soil (control). Soil cores were collected from the same locations, 

and seeds of Gastrolobium calycinum and Eucalyptus wandoo were added to the soil 

under glasshouse conditions. The seedlings were measured (number of germinants, final 

height, maximum growth, stem width, shoot and root biomass) over a three-month 

period and fungal colonisation of seedling roots investigated. We found that differences 

in soil nutrients were most evident in soil from old foraging pits. Seedlings grown in 

soil from old foraging pits were also taller, had thicker stems, greater shoot biomass and 

higher germination rates. The rhizosphere fungal diversity and community composition 

differed between fresh and old foraging pits. We propose this is due to the litter 

decomposition in the excavated soil as well as inside the pit, which, over time, results in 
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localised nutrient hotspots and higher heterogeneity of microbial communities. Our 

findings clearly show that foraging activities by digging mammals, like woylies, 

provide important ecosystem services through improving soil nutrient availability, 

promoting fungal activity, and creating favourable microsites conditions for seed 

germination and growth. Australian digging mammals are particularly threatened, and 

their loss may be coupled with a subsequent loss of the functional role they provided in 

landscapes, as well as important animal-plant-fungal interactions. 

 

Keywords: animal-plant-fungal interactions, ecosystem engineer, bettongs, digging 

mammals, mycorrhizal fungi, soil nutrients.  

 

Introduction 

 

Bioturbator mammals are considered ecosystem engineers (Coggan et al. 2018) and 

may play an important role in seedling recruitment (Ross et al. 2020). Burrows, 

diggings and pits can act as safe sites for seeds (Radnan & Eldridge 2017), which may 

benefit from the altered microclimatic conditions and enhance seed germination 

(Whitford & Kay 1999). For instance, diggings of the Indian crested porcupine (Hystrix 

indica) promoted higher seedling emergence compared with undisturbed soil, mainly 

due to altered soil moisture and nutrient levels inside the pit (Boeken et al. 1995). 

Similarly, eucalypt seedlings grown in soil collected from foraging diggings of quenda 

(Isoodon fusciventer), a medium-sized Australian marsupial, showed increased growth 

compared to soil from adjacent undug areas (Valentine et al. 2018).  

 

While diggings capture plant litter, the excavated soil also covers the organic matter on 

the surface, increasing its decomposition and releasing the nutrients back into the soil 

(Austin et al. 2009). As the digging ages, the excavated soil erodes back into the 

digging, which over time results in increased soil fertility at the microsite scale (Alkon 

1999). Characteristics of disturbed soils may therefore vary over time and can become 

more dissimilar to non-disturbed areas after one year (Mallen‐Cooper et al. 2019); 

however, there is little consistency in the direction of change. Mounds of abandoned 

burrows of the Olympic marmot (Marmota olympus) contained higher amounts of 

phosphorus, but lower amounts of potassium and organic matter compared to the 

undisturbed soil (Whitesides & Butler 2016). Conversely, other studies found no 

marked effects on soil chemistry with time since digging. Foraging pits of the eastern 
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bettong (Bettongia gaimardi) showed differences in soil chemistry at eight months after 

pits were created, but not after 24 months (Ross et al. 2019). This was possibly a result 

of leaching due to increased water infiltration (Garkaklis et al. 2003). 

 

Soil-disturbing mammals may also create important sites for soil microbial activity 

(Miranda et al. 2019). Soil mounds of burrow systems constructed by the banner-tailed 

kangaroo rat (Dipodomys spectabilis) had a higher abundance of fungal colonies 

compared to areas distant from the burrows (Hawkins 1996). This was due to the 

concentration of organic matter in the excavated mounds, producing sites of enhanced 

decomposition by microbes (Wainscott et al. 1990). Further, many digging mammals 

consume ectomycorrhizal fungal fruiting bodies (Nuske et al. 2017), potentially aiding 

in their dispersal. Indeed, spores of some ectomycorrhizal fungi require the action of 

gastric enzymes of digging mammals to break dormancy and are later deposited intact 

in faeces (Lamont et al. 1985). 

 

Australia is considered to have the greatest diversity and endemism of ectomycorrhizal 

fungi in the world (Brundrett & Tedersoo 2018). Southwestern Australia is a 

biodiversity hotspot (Myers et al. 2000), and many plants exhibit a high dependency on 

mycorrhizal fungi to increase water and nutrient absorption from the region’s deeply 

weathered and infertile soils (Gioia & Hopper 2017). Woylies (Bettongia penicillata 

ogilbyi) are medium-sized marsupial mammals that were once common across large 

areas of Australia but are now restricted to southwestern Australia and enclosed areas to 

which they have been reintroduced (Groom 2010). Woylies are considered substantial 

ecosystem engineers and an important mycophagous species that forage for hypogeal 

(below ground) fungi (Zosky et al. 2018). Fungal spores from scats of woylies have 

been shown to colonise and stimulate the growth of two key plant species of the 

southwestern region, Eucalyptus calophylla and Gastrolobium bilobum (Lamont et al. 

1985).  

 

Although studies have addressed the role of woylies as ecosystem engineers, affecting 

soil turnover, water infiltration, fungi and seed dispersal (Garkaklis et al. 1998; 

Garkaklis et al. 2004; Dundas et al. 2018; Beca et al. 2020), here we focused on 

evaluating their role in facilitating plant recruitment. We examined chemical and 

microbial properties and seedling growth of two native plant species, in fresh and old 

foraging pits, and compared them to undisturbed soil. Thus, our central question was: 
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Do the foraging pits of woylies affect soil nutrients, seedling growth and fungal activity, 

and does their impact change as pits age?  

 

Methods 

 

Study area 

 

Fieldwork was conducted from January to August 2019, in Dryandra Woodland 

(henceforth “Dryandra”) (32°48’S,116°54’E), a 28,000 ha reserve located in the 

Wheatbelt region in southwestern Australia. Extensive 1080 (sodium 

monofluoroacetate) baiting is conducted in Dryandra to control fox populations (Vulpes 

vulpes). Many conservation reserves in Australia practice control for foxes to reduce 

their abundance and the effect of predation on native fauna (Marlow et al. 2015). 

Historically, the area would have supported at least nine digging mammal species 

(Valentine 2014), most of which decreased drastically in abundance or became extinct 

from the area between the 1880s and 1920s (Abbott 2008). In the main block of 

Dryandra, where this study was conducted, digging mammals such as quenda (Isoodon 

fusciventer), echidnas (Tachyglossus aculeatus), numbats (Myrmecobius fasciatus) and 

woylies are still present but at lower numbers than previously. The area is one of the 

remaining strongholds for the woylie (Groom 2010; Wayne et al. 2013). Dryandra 

experiences a Mediterranean-type climate with hot, dry summers and cool, wet winters 

and the average annual rainfall is 400 mm, primarily falling between May and August 

(Stephens & Lyons 1998). The study was conducted in eucalypt woodlands dominated 

by white-barked wandoo (Eucalyptus wandoo) and powder bark wandoo (Eucalyptus 

accedens).  

 

In January 2019, we identified and recorded the location of 44 fresh foraging pits made 

by woylies in Dryandra. In August 2019, when the pits were eight months old 

(henceforth “old diggings”), we located an additional 45 fresh foraging pits (henceforth 

“fresh diggings”), totalling 89 digs. We only selected diggings in which spoil heaps 

appeared to be fresh, the edges of the foraging pit were sharp, with no leaf litter and 

debris in the pit. The fresh diggings were selected within a few meters of the old 

diggings to minimise any potential soil differences. Foraging pits of woylies are usually 

shallow (10-15 cm) and are characterized by a steep wall that is formed when the 

animal is digging downward (Garkaklis et al. 1998). The spoil heap is formed when the 
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soil is ejected from the digging. Viewed from above, diggings have a roughly elliptical 

shape (Garkaklis et al. 2000). Woylies are also the main digging mammal in Dryandra. 

Quenda is another digging mammal that forages for food, but they are not very common 

in the area and create foraging pits that have a clear point at the bottom of the pit 

(Valentine et al. 2013), which can be distinguished from woylie diggings. 

 

Soil nutrients 

 

In August 2019, we collected soil samples for each old and fresh pit from: a) the base of 

the foraging pit (pit), b) the ejecta mound (spoil heap) and c) adjacent undisturbed 

ground, located within 0.5 m of each fresh and old foraging pit (control). Since foraging 

pits made by woylies are not very wide and deep, especially during the winter when 

fungi are more abundant (Zosky et al. 2018), we bulked samples from the same age and 

location from different diggings, to obtain the minimum amount of soil required (200 g) 

for nutrient analysis without compromising the foraging pit profile. For the old 

diggings, we bulked soil samples by collecting ~100g from a specific location (e.g., pit, 

spoil heap, or control) for two close foraging pits (making a total of 66 samples). 

However, fresh diggings were distinctly smaller, and we collected ~70 g from each 

location (pit, spoil heap and control), resulting in samples per location bulked across 

three foraging pits (total of 45 samples). Samples were analysed for ammonium 

nitrogen (mg kg-1), nitrate nitrogen (mg kg-1), phosphorus (Colwell) (mg kg-1), 

potassium (Colwell) (mg kg-1), sulfur (KCl 40) (mg kg-1), organic carbon (Walkley 

Black) (%), electrical conductivity (dS m-1) and pH CaCl2. Soil nutrient analyses were 

undertaken using standard procedures by CSBP Soil and Plant Analysis Laboratory 

(Bibra Lake, Western Australia). 

 

Seedling measurements 

 

To examine seedling growth in soil collected from woylie diggings, we established a 

glasshouse experiment in August 2019 using soil collected from old, fresh and undug 

areas. We collected soil cores from the three locations (pit, spoil, control) from the 89 

foraging pits (N = 267 soil cores) using a cylindrical corer (L = 10 cm × W = 7.5 cm). 

We carefully transferred the soil (in situ) into free-draining pots of similar dimensions 

to the corer with minimal disturbance of soil. The bottom of the pots was lined with 

disposable cleaning cloths to prevent soil loss, and pots were placed in a glasshouse. We 
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used seeds of two Western Australian native species, Gastrolobium calycinum and 

Eucalyptus wandoo. Gastrolobium calycinum is a small shrub up to 2 m tall and 

provides food for woylies (Christensen 1980). Eucalyptus wandoo is a medium-sized 

tree up to 25 m tall, and provides important resources for wildlife in general (Moore et 

al. 2014). Gastrolobium calycinum and E. wandoo are common in the geographic range 

of extant woylies. For each age and location combination, 15 pots were seeded with 10 

seeds of G. calycinum per pot and 15 pots were seeded with 10 seeds of E. wandoo per 

pot (N = 90 pots per species). A third species, Santalum spicatum, was initially included 

(N = 87), but low germination success led us to exclude this species from further 

analysis. Pots were watered automatically for 30 s twice a day, from August 2019 to 

January 2020, and their locations on the glasshouse benches were randomised weekly. 

For the first nine weeks after seeding, we recorded the maximum number of germinants 

that emerged per pot. In October 2019, nine weeks after seeding, seedlings were thinned 

to the largest single seedling per pot, the height (cm) of which was measured every 

week, resulting in a total of 12 measurements over a three-month period. Prior to 

harvesting, in January 2020, we measured the final height (cm) and stem width (mm), at 

1 cm from the soil surface, using digital callipers. Shoots were harvested using secateurs 

to cut the shoot off at 5 mm from the soil surface and were dried in labelled paper bags 

at 70°C for three days, before being weighed (g). Root material was gently removed 

from the pots and washed with sterilized water to remove excess soil. The fine roots 

(i.e. those most likely to contain mycorrhiza and other fungi) were then stripped off 

using tweezers and approximately 0.25 g were put into labelled 5 ml vials, which were 

stored at -18°C until being analysed by High Throughput Sequencing (HTS) The 

remaining roots were also dried in labelled paper bags at 70°C for three days, before 

being weighed (g). 

 

DNA sequencing 

 

We performed DNA extractions from the resulting 99 root samples (N = 62 G. 

calycinum and N = 37 E. wandoo roots), using the DNeasy Plant Pro Kit (Qiagen) and 

following the manufacturer’s protocols and with extraction controls. The ITS2 region of 

the ribosome encoding genes was amplified using the fungal-specific primer FITS7, 

specific for higher fungi (Ihrmark et al. 2012) and the general primer ITS4 (White et al. 

1990). An initial round of quantitative polymerase chain reaction (qPCR) using full 

concentration, 1/10, and 1/100 dilution samples enabled assessment of suitable DNA 
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templates and potential PCR inhibition in all samples. Based on preliminary qPCR 

results, optimal dilutions were then PCR amplified with unique multiplex identifiers 

(MID tags). Amplification was performed following the protocols outlined in Berry et 

al. (2017) using AmpliTaq Gold™ DNA Polymerase (Life Technologies), 35 

amplification cycles and an annealing temperature of 57 °C. Both primers contained 

MID (Multiplex IDentifier) tags of six to eight base pairs in length and the appropriate 

Illumina adaptor sequences. A unique combination of MID tags was assigned to each 

individual DNA extract to allow for the assignment of sequences to a sample after 

sequencing. Two replicate PCRs were performed per sample and negative controls 

(PCR and extraction controls) were tagged separately. Following qPCR, tagged 

amplicons were combined in approximately equimolar concentrations and size selected 

using a Pippin Prep (Sage Science). Sequencing was performed on an Illumina MiSeq 

sequencing platform (Illumina, USA), following the manufacturer’s protocols.  

 

Sequences were assigned to samples based on their MID tag using Geneious v.R10 

(Kearse et al. 2012) as outlined in Berry et al. (2017). Adaptor/primer regions were 

removed and the remaining amplicons were cleaned and clustered in the Sequence 

Clustering and Analysis of Tagged Amplicons (SCATA) pipeline 

(scata.mykopat.slu.se), a bioinformatics pipeline specially developed for processing 

fungal ITS datasets derived from high throughput sequencing (Lindahl et al. 2013). A 

clustering similarity of 98.5% was used, corresponding approximately to species level 

for ITS (Nguyen et al. 2017). The most abundant genotype for each cluster was used to 

represent each operational taxonomic unit (OTU).  

 

Representative cluster sequences (OTUs) were identified by searching against internally 

curated SCATA databases, including a recent version of UNITE (Clemmensen et al. 

2015), and data collected for many other studies of fungi in southwestern Australia 

(Dundas et al. 2018; Tay et al. 2018). The OTUs were then blasted against NCBI’s 

sequence database Gen-Bank (Altschul et al. 1990) through Geneious v.R10. Putative 

species-level assignment was made based on best matches over the entire length of the 

query sequence as described in Hopkins et al. (2018). The relative abundance of each 

OTU per sample was determined as the number of sequence reads for an OTU divided 

by the total number of reads for the sample. Singleton and doubleton OTUs found in 

less than 1% of samples were removed (Nguyen et al. 2017).  
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For OTUs with more than 100 sequences across the dataset, and where identifications 

could be made with sufficient accuracy, OTUs were designated to a putative ecological 

functional group sensu FUNGuild (Nguyen et al. 2016). For the majority of identified 

OTUs, functional group was determined based on literature searches. For a small 

number of OTUs, searches on NCBI revealed a close alignment with sequences from a 

known source (e.g., fruiting body, mycorrhizal root tip) and this information was used 

as an additional layer to guide functional group classification. Guilds used in this study 

included ectomycorrhiza (ECM), arbuscular mycorrhiza (AM), saprotroph, endophyte, 

or pathogen. Where guild membership was ambiguous (e.g., ECM or saprotroph), 

OTUs were assigned membership in both groups. 

 

Data analysis 

 

We used Generalized Linear Mixed Modelling (GLMM) and Linear Mixed Modelling 

(LMM) approaches to examine the differences in response variables between foraging 

pit profile locations (pit, spoil, control) and their respective ages (old and fresh) for each 

plant species. Our response variables included soil ammonium nitrogen, nitrate 

nitrogen, phosphorus, potassium, sulfur, organic carbon, conductivity, pH CaCl2, 

number of germinants, final height, stem width, dry shoot biomass, dry root biomass, 

Shannon’s Diversity Index (Shannon’s H’) for fungal OTUs, and total fungal taxa. 

Nitrate nitrogen, organic carbon and conductivity were natural log-transformed and 

ammonium nitrogen, phosphorus, potassium, sulfur and pH CaCl2 were transformed 

using Box–Cox transformation to ensure that the probability distribution of the 

prediction errors is approximately Gaussian. These variables were then modelled using 

LMM via a Gaussian distribution. Final height, stem width, dry shoot biomass, dry root 

biomass and Shannon’s H’ were also modelled using LMM via Gaussian distribution. 

Number of germinants and total fungal taxa were modelled using GLMM via Poisson 

distribution and negative binomial distribution, respectively. Each variable modelled 

included the foraging pit identifier as a random intercept to account for non-

independence of the three locations (pit, spoil, and control), sampled at each digging 

replicate.  

 

Differences in the growth of seedlings over time among the three foraging pit profile 

locations were assessed using LMM via Gaussian distribution, with foraging pit 

identifier included as a random intercept term as described above, but also with an 
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additional seedling identifier random intercept to account for repeated measurement on 

individual seedlings over time. Models were fitted using the functions lmer and glmer 

from the ‘lme4’ library (Bates et al. 2014) in R 4.0.3 (R Development Core 2018). For 

the GLMM, we used the function Anova from the “car” library (Fox & Weisberg 2018) 

to examine the model fixed effects based on Wald Chi-square tests (χ²). If a significant 

location effect and/or interaction between age and location was detected, we used post-

hoc pairwise comparisons using the ‘emmeans’ library (Lenth et al. 2018) to determine 

where differences occurred.  

 

To compare the fungal community composition in the root samples, we performed non-

metric Multidimensional Scaling (NMDS) using Bray–Curtis similarity index. 

Differences in the root fungal community between locations (pit, spoil and control) and 

age (old and fresh) were assessed using a two-way PERMANOVA. These analyses 

were followed by Indicator Species Analysis, using the function multipatt (multilevel 

pattern analysis) from the ‘indicspecies’ library (Cáceres & Legendre 2009), to 

determine which OTUs contributed to the observed differences in fungal communities. 

Analyses were performed using R 4.0.3. 

 

Results 

 

Soil nutrients 

 

Phosphorus differed between soil from fresh and old diggings (F1,35 = 18.17, p < 0.001), 

but not among the locations (F2,70 = 7.64, p < 0.001), although the interaction term was 

also significant (F2,70 = 8.23, p < 0.001). Old diggings in all locations contained soil 

with higher amounts of phosphorus, but there was no difference at pit, spoil, and control 

locations (e.g., old control soils contained concentrations of phosphorus that were more 

similar; Fig. 1A, Table S1). Organic carbon in soil differed between fresh and old 

diggings (F1,35 = 19.63, p < 0.001) and among the locations (F2.70 = 22.32, p < 0.001), 

and the interaction term was significant (F2.70 = 6.37, p = 0.002). Overall, organic 

carbon was higher in soil from old diggings in all locations, but fresh pit and spoil soils 

had lower organic carbon than control soils (Fig. 1B, Table S1). Potassium was 

influenced by the age of the diggings (F1,35 = 36.09, p < 0.001) and locations (F2.70 = 

9.19, p < 0.001), and the interaction term was significant (F2.70 = 3.10, p = 0.051). Soils 

from old diggings, particularly in spoil soils had higher levels of potassium (Fig. 1C, 
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Table S1). Nitrate nitrogen was higher in soil from old diggings (F1,35 = 5.58 p = 0.023) 

and among the locations (F2.70 = 16.71, p < 0.001), with control soils having higher 

levels in control soils compared to spoil and pit soils (Fig. 1D, Table S1). Levels of both 

sulfur and ammonium nitrogen were higher in soil from old diggings (F1,35 = 13.57, p < 

0.001 and F1,35 =11.83, p = 0.001, respectively), but there were no differences among 

the locations (F2,70 = 1.70, p = 0.190 and F2,70 = 1.65, p = 0.199, respectively) (Fig. 1E 

and 1F). Conductivity was also greater in soil from old diggings (F1,35 = 25.94, p < 

0.001; Fig. 1G), but there were no differences among locations (F2,70 = 1.17, p = 0.315). 

The pH CaCl2 was higher in soil from old diggings (F1,35 = 12.80 p = 0.001) and among 

the locations (F3.39 = 3.39, p = 0.03), with the pit soil presenting slightly more neutral 

readings compared to control soils (Fig. 1H, Table S1). Interaction terms for the 

variables nitrate nitrogen, sulfur, ammonium nitrogen, conductivity, and pH CaCl2 were 

not significant. 
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Fig. 1. Difference between fresh and old diggings in terms of: (A) phosphorus (mg kg-

1), (B) organic carbon potassium (%), (C) potassium (mg kg-1), (D) nitrate nitrogen (mg 

kg-1), (E) sulfur (mg kg-1), (F) ammonium nitrogen (mg kg-1), (G) conductivity (dS m-1) 

and (H) pH CaCl2 collected from the three foraging pit locations (pit, spoil and control) 

of woylie (Bettongia penicillata) in Dryandra Woodland, southwestern Australia. 

Medians are denoted by horizontal lines, the interquartile range box represents the 

middle 50% of the data, and the whiskers represent full data ranges. Dashed lines 

represent means and asterisks represent significant differences based on post-hoc 

pairwise comparisons (Table S1). 
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Seedling measurements 

 

Gastrolobium calycinum 

 

Germination of G. calycinum was successful in all pots (15 pit, 15 spoil and 15 control 

pots for old and fresh diggings, a total of 90 pots). There was no difference in the 

number of germinants in soil collected from old and fresh diggings (χ² = 0.23, p = 

0.624) or among foraging pit locations (χ² = 0.19, p = 0.907) at nine weeks post-sowing 

in pots in the glasshouse trial. At harvest, the final height of seedlings grown in soil 

from old diggings was greater than seedlings grown in soil from fresh diggings (F1,28 = 

7.51, p = 0.010; Fig. 2A). Seedlings grown in soil from old diggings also had the 

greatest shoot biomass (F1,28 = 5.94, p = 0.021; Fig. 2B) and stem width (F1,84 = 5.39, p 

= 0.022; Fig. 2C). However, there were no differences in the final height, shoot biomass 

and stem width among foraging pit locations (F2,56 = 2.29, p = 0.110, F2,56 = 1.97, p = 

0.148 and F2,84 = 2.83, p = 0.064, respectively). There was no difference in root biomass 

from old and fresh diggings (F1,28 = 0.87, p = 0.357), among foraging pit locations (F2,56 

= 0.22, p = 0.800). Interaction terms for the variables number of germinants, final 

height, shoot biomass, stem width and root biomass were not significant. Foraging pit 

location did not influence the growth of seedlings over time (F2,41.94 =2.38, p = 0.104), 

but the age of diggings had a significant effect (F1,117.05 = 115.43, p < 0.001), with 

seedlings grown in old diggings slightly taller than seedlings grown in fresh diggings 

(Fig. S1A). 

 

Eucalyptus wandoo 

 

Germination of E. wandoo was successful in most pots. At the end of the glasshouse 

experiment, there were 44 pots with seedlings grown in old diggings (14 pit, 15 spoil 

and 15 control) and 42 in fresh diggings (14 pit, 13 spoil and 15 control). The number of 

germinants was higher in soil from old diggings than from fresh diggings (χ² = 7.38, p = 

0.006) (Fig. 2D). However, there were no differences among foraging pit locations (χ² = 

1.12, p = 0.568). At the harvest, there was no difference in the final height of seedlings 

growth in soil collected from old and fresh diggings (F1,80 = 0.76, p = 0.383), or among 

locations (F2,80 = 2.63, p = 0.077). Shoot biomass and stem width were influenced by 

the locations (F2,80 = 5.85, p = 0.004 and F2,80 = 5.07, p = 0.008, respectively; Table S1), 

with seedlings grown in the spoil and control soils having greater shoot biomass (Fig. 
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2E) and seedlings grown in the spoil soil having thicker stem width (Fig. 2F). There 

were no differences between old and fresh diggings (F1,80 = 1.70, p = 0.194 and F1,80 = 

1.08, p = 0.301, respectively). There was no difference in root biomass between old and 

fresh diggings (F1,80 = 2.98, p = 0.088), or between locations (F2,80 = 2.99, p = 0.065). 

Interaction terms for the variables number of germinants, final height, shoot biomass, 

stem width, and root biomass were not significant. Foraging pit location did not 

influence the growth of seedlings over time (F2,41.75 = 2.99, p = 0.060), but the age of 

diggings had a significant effect (F1,1047 = 4.82, p = 0.028), with seedlings grown in 

fresh diggings slightly taller than seedlings grown in old diggings (Fig. S1B). 
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Fig. 2. (A) Final height (cm), (B) shoot biomass (g), (C) stem width (mm) of 

Gastrolobium calycinum seedlings and (D) total number of germinants, (E) stem width 

(mm), (F) shoot biomass (g) of Eucalyptus wandoo seedlings grown in soil collected 

from fresh and old woylie (Bettongia penicillata) diggings in Dryandra Woodland, 

southwestern Australia. Medians are denoted by horizontal lines, the interquartile range 

box represents the middle 50% of the data, and the whiskers represent full data ranges. 

Dashed lines represent means and asterisks represent significant differences based on 

post-hoc pairwise comparisons (Table S1). 

 

Fungal diversity, taxa and community composition 

 

Gastrolobium calycinum 

 

To perform the fungal DNA extractions from the root samples of G. calycinum, there 

were 33 samples grown in old diggings (12 pit, 9 spoil and 12 control) and 29 samples 

grown in fresh diggings (11 pit, 8 spoil and 10 control). Sequencing of roots detected a 

total of 947 distinct fungal OTUs (singletons and doubletons excluded), of which the 

most common 243 were used in the analyses (88% of all DNA reads from roots). 

Fungal diversity differed between seedlings grown in old and fresh diggings (F1,21.427 = 

9.82, p = 0.004) and among locations (F2,40.143 = 6.11, p = 0.004), with more fungal 

OTUs identified for the samples grown in soil from old diggings, as well in the pit, spoil 

heap and control (Fig. 3, Table S1). However, there were no differences in the number 

of fungal taxa in old and fresh diggings (χ² = 2.84, p = 0.091) or among locations (χ² = 

1.99, p = 0.369). The interaction terms for both variables were not significant. 

 

There were marked differences in rhizosphere fungal community composition from 

fresh and old diggings (F = 4.42, R2 = 0.06, p = 0.001; Fig. 4A), but no differences 

among locations (F = 0.97, R2 = 0.03, p = 0.469) and the interaction term was not 

significant. The 243 OTUs from G. calycinum roots were identified to their putative 

ecology and based on indicator species analysis, 34 OTUs were strongly associated with 

root samples of seedlings grown in soil from old forging pits, of which 50% were 

saprophytes (Table S2). Seventeen OTUs were associated with root samples of 

seedlings grown in soil from fresh forging pits, of which 41% were ectomycorrhizal and 

35% saprophytes (Table S2). Overall, seedling roots from old diggings had a higher 

proportion of saprophytes and ectomycorrhizal fungal OTUs than fresh diggings, but the 
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proportion of ericoid mycorrhizal fungal OTUs was higher in seedling roots from fresh 

diggings (Fig. 5A). 

 

 

Fig. 3. Diversity of fungal communities (represented by Shannon’s H’) of Gastrolobium 

calycinum roots grown in (A) fresh and old diggings and (B) at each the three locations 

(pit, spoil and control) in soil collected in Dryandra Woodland, southwestern Australia. 

Medians are denoted by horizontal lines, the interquartile range box represents the 

middle 50% of the data, and the whiskers represent full data ranges. Dashed lines 

represent means and asterisks represent significant differences based on post-hoc 

pairwise comparisons (Table S1). 

 

Eucalyptus wandoo 

 

To perform the fungal DNA extractions from the root samples of E. wandoo, there were 

15 samples with roots grown in old diggings (5 pit, 4 spoil and 6 control) and 22 

samples grown in fresh diggings (7 pit, 6 spoil and 9 control). Sequencing detected a 

total of 343 distinct fungal OTUs, of which 170 were used in the analyses (75% of all 

DNA reads from roots). There were no differences in fungal diversity or in the number 

of fungal taxa from roots from old and fresh diggings (F1,31 = 0.007, p = 0.931 and χ² = 

0.09, p = 0.761, respectively) or among locations (F2,31 = 1.90, p = 0.165 and χ² = 1.02, 

p = 0.599, respectively). The interactions terms were also not significant. 

 

There were marked differences in rhizosphere fungal community composition between 

roots from fresh and old foraging pits (F = 2.36, R2 = 0.06, p = 0.020; Fig. 4B); 

however, there were no differences among locations (F = 1.15, R2 = 0.06, p = 0.276) 

and the interaction term was not significant. The 170 OTUs from E. wandoo roots were 
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identified to their putative ecology and based on indicator species analysis, four OTUs 

were strongly associated with root samples of seedlings grown in soil from old forging 

pits (Table S2), and three OTUs with root samples of seedlings grown in soil from fresh 

forging pits, all being saprophytes (Table S2). Overall, the proportion of 

ectomycorrhizal and ericoid mycorrhizal fungal OTUs in seedling roots from fresh 

diggings was higher, but there were a higher proportion of saprophytes and arbuscular 

mycorrhizal fungal OTUs found in seedling roots from old diggings (Fig. 5B). 

 

 

Fig. 4. Non-Multidimensional Scaling (NMDS) plot showing the difference of 

rhizosphere fungal communities of (A) Gastrolobium calycinum and (B) Eucalyptus 

wandoo seedlings grown in soil collected from fresh (green triangles) and old digging 

(brown triangles) in Dryandra Woodland, southwestern Australia. 
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Fig. 5. Proportion of each putative ecological functional group (arbuscular mycorrhizal, 

dung fungi, ectomycorrhizal, ericoid mycorrhizal, lichenised fungus, pathogen, 

saprophytes and yeast) detected in (A) Gastrolobium calycinum and (B) Eucalyptus 

wandoo roots grown in old and fresh diggings in Dryandra Woodland, southwestern 

Australia. 

 

Discussion 

 

In this study, we have demonstrated that foraging activities of woylies alter soil 

chemical and microbial properties and facilitate seedling growth. Differences in soil 

nutrients were most evident in soil from old foraging pits. Seedlings grown in soil from 

old foraging pits had higher germination rates, were taller, had thicker stems and greater 

shoot biomass compared to fresh foraging pits. The seedling rhizosphere fungal 

diversity and community composition differed between fresh and old foraging pits. 

While it has been demonstrated that woylies reduce soil-water repellency in the short-

term, disperse fungi and seeds (Garkaklis et al. 1998; Garkaklis et al. 2004; Murphy et 

al. 2015; Dundas et al. 2018), our findings clearly show that diggings of woylies also 

create nutrient patchiness at a microsite scale, facilitate seedling growth and promote 

fungal diversity and composition. 

 

Mammals that move soil to build shelter or nest underground impact soil chemical 

properties in many different ways (Platt et al. 2016). For instance, soil disturbances by 

plateau pikas (Ochotona curzoniae) were found to increase soil organic carbon and total 

nitrogen (Pang & Guo 2017), while old mounds made by badgers (Taxidea taxus) 

showed lower concentrations of total carbon, nitrogen and sulfur than undisturbed areas 

(Eldridge & Whitford 2009). However, fewer studies have examined in detail how 

foraging activities of mammals that dig to search for subterranean resources affect 

nutrient levels at different locations along the foraging profile (Valentine et al. 2018), 

and how soil properties may vary over time (Mallen‐Cooper et al. 2019). Our study 

demonstrated that old spoil and pit soils from woylie foraging activities had greater 

levels of phosphorus and potassium compared to undisturbed soil. This is potentially 

due to litter decomposition in excavated soil as well as inside the pit, which, over time, 

results in localised nutrient hotspots (Austin et al. 2009). However, high rates of organic 

carbon and nitrate nitrogen were also observed in the adjacent undisturbed control soil. 
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Similar to our study, spoil heap soils from foraging pits of quenda had higher levels of 

potassium and phosphorus, which were one of the strongest predictor variables for 

eucalypt seedling growth (Valentine et al. 2018). In our study, although seedling growth 

was overall influenced by the digging age, being greater in soil from old diggings, shoot 

biomass of E. wandoo seedlings also differed between spoil heaps and adjacent 

undisturbed control soils. It is well known that soil disturbance by mammals is likely to 

increase soil nutrients as well as support more vascular plants (Clark et al. 2018). This is 

due to the decomposition of plant litter and accumulation of nutrients over time 

(Yurkewycz et al. 2014). Burrowing activities of the banner-tailed kangaroo rat 

(Dipodomys spectabilis), for example, increases total nitrogen content in the topsoil 

layer because of the decomposition of organic matter in the mound (Moorhead et al. 

1988).  

 

We recognize that some control soils in our study, if not all of them, may have been 

previously dug at some time in the past. In Dryandra, in addition to woylies, digging 

mammals such as quendas, echidnas and numbats are also still present, albeit at lower 

numbers compared to their past abundance (Abbott 2008). This means that the whole 

reserve has been subject to digging in the past, and hence the effects of digging on soil 

chemistry are likely to keep changing and may persist well after the physical foraging 

pit is no longer visible (Davies et al. 2019). Thus, the slightly higher maximum growth 

of seedlings in adjacent undisturbed control soils observed in our study could be 

explained by the cumulative impact of past creation of such nutrient patchiness 

ecosystems (Darwin 1892). Additionally, control soils also differed between the age of 

the digging, which possibly may be associated with the period of the year that the soil 

was disturbed, as the diggings were identified in different seasons. It is possible, 

therefore, that fresh control soils, from which diggings were identified in the wet 

season, had higher organic matter decomposition rates due to favourable moisture 

content and fungi abundance (Sherrod & Seastedt 2001). 

 

Soil disturbance by mammals is likely to create important sites for fungal activity 

(Eldridge et al. 2015). Fungi are essential for ecosystem functioning and growth of 

many plant species around the world (Lodge 2000), being particularly important in 

landscapes characterized by infertile and weathered soils (Brundrett & Tedersoo 2018). 

Tuco-tucos (Ctenomys spp.), provide improved conditions for plant development and 

growth through moving buried soil that contains viable arbuscular mycorrhizae spores 
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and mycorrhizal root fragments (Miranda et al. 2019). Saprotrophic species, on the 

other hand, are critical in decomposition processes and nutrient cycling. In our study, 

rhizosphere fungal diversity was higher in old diggings compared to fresh diggings, 

which also contained more saprophyte OTUs. Similarly, old mounds of the European 

ground squirrel (Spermophilus citellus), also showed higher heterogeneity of microbial 

communities compared to newly created mounds (Lindtner et al. 2019). 

 

Woylies are likely to maintain the diversity of fungi through fungal spore dispersal 

(Dundas et al. 2018). Due to their large home range size (65 ha; Yeatman & Wayne 

2015), woylies are able to disperse fungi spores between distinct habitat patches 

(Lamont et al. 1985). In a predator-proof reserve area where woylies had been 

reintroduced, greater above-ground seedling biomass was observed, as well as greater 

numbers of putatively hypogeous ectomycorrhizal fungi (Dundas et al. 2018). As a 

species specialising on fungi, woylies are potentially irreplaceable in dispersing 

particular fungal taxa compared to other mycophagous mammals with generalist diets 

(Nuske et al. 2018). Their loss may hence influence fungal communities (Clarke et al. 

2015), limiting seedling establishment, plant growth and plant survival (Nuske et al. 

2019). 

 

Worldwide, bioturbator mammals are known as ecosystem engineers, affecting soil 

turnover, water infiltration, soil moisture and microbe diversity (Coggan et al. 2018; 

Mallen‐Cooper et al. 2019), which may assist in landscape restoration processes. 

Australian digging mammals are particularly threatened and their loss may be coupled 

with a subsequent loss of the functional role they provided in landscapes (Fleming et al. 

2014). In this study, we focused on evaluating the role of a digging mammal, the 

woylie, in facilitating plant recruitment and growth. Chemical properties, seedling 

growth of two native plants and mycorrhizal fungi activity were examined in fresh and 

old foraging diggings compared to the undisturbed soil. Our study showed that the 

foraging activities of woylies provide vital ecosystem services through improving soil 

nutrient availability, creating favourable microsites conditions for seed germination and 

plant growth, and promoting fungal activity. Further research, however, is required to 

better understand the direction of change as the diggings age, as well to assess the 

possible effects and implications triggered in the long term.   
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Supporting Information 
 

 

Fig. S1. Growth (cm) of seedlings of (A) Gastrolobium calycinum and (B) Eucalyptus 

wandoo over time grown in soil collected from different foraging pit locations (pit, spoil 

and control) created by woylies (Bettongia penicillata) in Dryandra Woodland, 

southwestern Australia. Solid lines indicate estimated 95% confidence limits and lighter 

shading represents the confidence limits. 

 

Table S1. Pairwise comparisons (using emmeans) results for soil nutrients, fungal 

diversity (Gastrolobium calycinum) and seedling measurements (Eucalyptus wandoo) 

response variables measured in soil from old and fresh diggings and at each of the three 

locations (pit, spoil and control) from Dryandra Woodland, southwestern Australia. 

Non-significant p-values were left out of the table. 

Response Variable Comparison Estimate    SE p-value 

Nutrients     

Phosphorus  Age × Location    

 Fresh Pit – Old Pit -0.13 0.026 <0.001 

 Fresh Spoil – Old Spoil -0.10 0.026 0.001 

 Fresh Control – Old Control -0.05 0.026 0.040 

 Fresh Control – Fresh Pit 0.07 0.015 <0.001 

 Fresh Pit – Fresh Spoil -0.04 0.015 0.007 

Organic Carbon Age × Location     

 Fresh Pit – Old Pit -0.90 0.173 <0.001 

 Fresh Spoil – Old Spoil -0.73 0.173 0.001 
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 Fresh Control – Old Control -0.52 0.173 0.004 

 Old Pit – Old Spoil -0.16 0.068 0.050 

 Fresh Control – Fresh Pit 0.53 0.082 <0.001 

  Fresh Control – Fresh Spoil 0.20 0.082 0.043 

 Fresh Pit – Fresh Spoil -0.33 0.082 0.004 

Potassium Age × Location    

  Fresh Control – Old Control -0.60 0.122 <0.001 

 Fresh Spoil – Old Spoil -0.72 0.122 <0.001 

 Fresh Pit – Old Pit -0.76 0.122 <0.001 

 Old Control – Old Pit -0.11 0.042 0.026 

 Old Control – Old Spoil -0.19 0.042 <0.001 

 Fresh Pit – Fresh Spoil -0.12 0.051 0.047 

Nitrate nitrogen Location    

  Pit – Control 0.71 0.119 <0.001 

 Spoil – Control 0.44 0.119 0.001 

pH CaCl2 Location    

  Pit – Control -0.44 0.176 0.037 

Gastrolobium calycinum         

Fungal diversity Location    

  Control – Pit -0.37 0.133 0.020 

  Control – Spoil  -0.40 0.146 0.021 

Eucalyptus wandoo         

Shoot biomass Location    

 Pit – Control  0.01 0.005 0.015 

  Spoil – Pit -0.01 0.005 0.009 

Stem width Location    

  Pit – Spoil -0.25 0.083 0.009 

 

Table S2. Indicator species and ecological putative groups for fungi found associated 

with Gastrolobium calycinum and Eucalyptus wandoo roots grown in collected soil 

from old and fresh digging of woylies from Dryandra Woodland, southwestern 

Australia. 

OUTs Ecological putative groups stat p-value 

Gastrolobium calycinum       

Old       

Melaspileella proximella  lichenised 0.449 0.001 

Herpotrichiellaceae sp.  1 ericoid mycorrhizal 0.409 0.001 

Cladophialophora sp. ectomycorrhizal 0.402 0.001 

Cryptococcus sp  1 yeast 0.378 0.004 

Cadophora sp. pathogenic 0.375 0.001 

Penicillium sp.  1 saprophytic 0.326 0.002 

Chaetothyriales sp.  2 saprophytic 0.306 0.002 

Ericoid root associated  1 ericoid mycorrhizal 0.3 0.012 

Phialophora livistonae saprophytic 0.286 0.007 

Chaetothyriales sp.  8 saprophytic 0.286 0.016 

Pleosporales sp.  4 saprophytic 0.285 0.019 
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Oidiodendron sp. saprophytic 0.278 0.012 

Venturia sp. saprophytic 0.272 0.016 

Nectriaceae sp. pathogenic 0.27 0.036 

Sporidesmium saprophytic 0.26 0.031 

Talaromyces sp. saprophytic 0.259 0.021 

Pezizomycotina saprophytic, lichenised fungus, ectomycorrhizal 0.254 0.004 

Pithomyces valparadisiacus saprophytic 0.251 0.035 

Pleosporales sp.  9 saprophytic 0.249 0.016 

Eurotiales sp. saprophytic 0.246 0.04 

Chaetothyriales sp.  3 saprophytic 0.246 0.023 

Ericoid root associated ericoid mycorrhizal 0.225 0.022 

Dothideomycetes sp. saprophytic 0.223 0.047 

Helotiales sp.  10 ericoid mycorrhizal 0.212 0.015 

Cladophialophora sp.  1 ectomycorrhizal 0.197 0.011 

Dothideomycetes sp.  2 saprophytic 0.192 0.015 

Agaricales  ectomycorrhizal 0.191 0.041 

Sympoventuriaceae pathogenic 0.19 0.003 

Helotiales sp.  1 ericoid mycorrhizal 0.182 0.02 

Glomerales  3 arbuscular mycorrhizal 0.176 0.047 

Lachnum sp. saprophytic 0.161 0.049 

Glomerales  2 arbuscular mycorrhizal 0.158 0.04 

Paraphoma rhaphiolepidis pathogenic 0.157 0.05 

Sebacina sp.  4 ectomycorrhizal 0.152 0.039 

Fresh       

Chaetothyriales sp. saprophytic 0.356 0.005 

Cenococcum sp. ectomycorrhizal 0.305 0.001 

Chaetothyriales sp. 19 saprophytic 0.285 0.007 

Chaetothyriales sp. 12 saprophytic 0.277 0.002 

Scytalidium sp. pathogenic 0.257 0.029 

Penicillium sp. saprophytic 0.247 0.005 

Eurotiales sp.  1 saprophytic 0.231 0.006 

Sebacinales  2 ectomycorrhizal 0.226 0.038 

Helotiales sp.  4 ericoid mycorrhizal 0.225 0.009 

Labyrinthomyces  1 ectomycorrhizal 0.21 0.024 

Ruhlandiella sp. ectomycorrhizal 0.206 0.048 

Sebacina sp. 5 ectomycorrhizal 0.202 0.012 

Sebacina sp. ectomycorrhizal 0.2 0.026 

Nothojafnea sp. ectomycorrhizal 0.198 0.013 

Knufia karalitana yeast 0.172 0.032 

Melanommataceae saprophytic 0.169 0.005 

Fungi sp. endophytic 0.135 0.017 

Eucalyptus wandoo       

Old       

Lecanorales lichenised fungus 0.364 0.016 

Cenococcum.geophilum ectomycorrhizal 0.241 0.014 

Pleosporales sp 3 saprophytic 0.199 0.021 

Pezizomycotina saprophytic, lichenised fungus, ectomycorrhizal 0.188 0.047 

Fresh       

Chaetothyriales sp 1 saprophytic 0.398 0.01 
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Chaetothyriales sp saprophytic 0.337 0.009 

Chaetothyriales sp 4 saprophytic 0.281 0.035 
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CHAPTER 5 
 

 

Seed dispersal by mammals can contribute towards the regeneration of native vegetation 

in degraded habitats. Due to the large home ranges and high retention time of seeds, 

some mammals are able to disperse seeds over long distances. Seed consumption by 

terrestrial mammals has not traditionally been considered an important part of 

Australian vegetation dynamics. Likewise, there has been no research into the passage 

time of seeds by Australian mammals. In this Chapter, I investigated the mean retention 

time and the post-consumption germination capacity of three native Australian seeds 

consumed by quenda (Isoodon fusciventer) and woylies (Bettongia penicillata ogilbyi). 

 

This Chapter was published in Australian Mammalogy in November 2020 and has been 

reformatted for inclusion in this thesis. The front page of the published manuscript is 

provided in Appendix II.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seeds mixed into quenda and woylie’s usual feed and seeds of Gastrolobium calycinum, which were 

eaten by quenda, germinating in Petri dishes under laboratory conditions. 
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Abstract 

 

Many Australian mammals consume seeds, but their role in seed dispersal has not been 

well explored. Here, we investigated the mean retention time and the post-consumption 

germination capacity of Australian seeds (Acacia acuminata, Dodonaea viscosa and 

Gastrolobium calycinum) likely to be consumed by quenda (Isoodon fusciventer) and 

woylies (Bettongia penicillata ogilbyi). Mean excretion times were 14 hours for quenda 

and 24 hours for woylies, but some seeds were retained in their digestive passages for 

up to 39.5 and 55.5 hours, respectively. Viable seeds of all plant species were retrieved 

from both species’ scats and only G. calycinum seeds ingested by quenda (62%) had a 

significantly higher germination percentage than control seeds (34%). Our results show 

that viable seeds are deposited in the scats of quenda and woylies, indicating that these 

species may play a role in seed dispersal. 

 

Keywords: endozoochory, granivory, seed dispersal, seed germination, potoroid, 

peramelid. 

 

Introduction 

 

Endozoochory, the dispersal of plant seeds via ingestion by a vertebrate animal, can be 

advantageous for plants in several ways. Seeds may be dispersed at a greater distance 

from the parent plant than other forms of seed dispersal (Carlo et al. 2007), reducing 

both competition for resources and predation rates (Janzen 1970). Deposition in faeces 

may provide moisture and nutrients, enhancing germination and growth rates (Traveset 
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et al. 2007b). Additionally, seeds consumed by animals sometimes have increased 

germination rates (Cantor et al. 2010a) due to the alleviation of seed dormancy 

(Traveset 1998). 

 

Seeds form an important dietary component for many Australian mammals (Quin 1985, 

Murray et al. 1999, Gibson 2001, Bice and Moseby 2008), and some groups, such as 

bettongs, disperse seeds via scatter-hoarding (Murphy 2009, Chapman 2015). 

Australian seed-eating mammals are recognised as potentially important seed predators 

(Ballardie and Whelan 1986, Auld and Denham 1999, Mills et al. 2018a), but the extent 

to which they disperse seeds via endozoochory has received little research attention 

(Williams et al. 2000, Cochrane et al. 2005a). 

 

Physical seed dormancy is an adaptive trait that acts to prevent germination when 

environmental conditions are suitable for germination, but not favourable for seedling 

survival (Merritt et al. 2007). Australian seeds in the genera Acacia, Dodonaea and 

Gastrolobium, for example, exhibit this adaptation and germinate only after exposure to 

high temperatures (Sweedman and Merritt 2006). Previous research suggests that 

germination capacity is increased if gut passage acts to break dormancy inhibitors such 

as removal of surrounding fruit pulp (Petre et al. 2015), or through seed coat 

scarification (Traveset 1998). However, the effect of consumption by marsupials on 

dormancy in Australian seeds is unknown.  

 

The time it takes an animal to pass a seed through its digestive tract (i.e. its gut passage 

time) will affect its effectiveness as a seed dispersal agent. Longer gut passage times 

may result in the dispersal of propagules over greater distances (Petre et al. 2015) and 

scarification in the gut can increase germination capacity by breaking seed dormancy. 

However, if gut passage times are too long seeds may be damaged or lose viability 

(Traveset et al. 2016a). Whilst the gut passage times for several Australian mammals 

have been studied using markers that bind to solutes or small particles (e.g. Wallis 1994, 

Moyle et al. 1995, Gibson and Hume 2000), there has been no research into the passage 

time of seeds.  

 

In this paper we use two species known to consume seeds, quenda (Isoodon fusciventer) 

and woylies (Bettongia penicillata ogilbyi), to investigate endozoochory in Australian 

mammals. We sought to determine the rate at which these species pass seeds through 
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their digestive tract and the germination capacity of seeds retrieved from their scats. We 

tested the following questions: (1) How long do quenda and woylies take to pass seeds 

through their digestive systems? and (2) Is the germination capacity of seeds retrieved 

from scats of quenda and woylies higher than unconsumed seeds? 

 

Methods 

 

Two female adult quenda (I. fusciventer) and a male and female adult woylie (B. 

penicillata) held in captivity at Native Animal Rescue (NAR), Malaga, Western 

Australia were used in this experiment. During the experiment, conducted in June 2019, 

the animals were housed in individual enclosures approximately 2 x 3 m in size. The 

floors of the enclosures were cleared of leaf litter and excess foliage to facilitate the 

location of scats. A hollow log or nest box, and a small bundle of fresh foliage were 

retained in each enclosure.  

 

The animals’ regular feed consists of fruit, vegetables and a boiled egg with the addition 

of mealworms, insectivore mix and aviary seed (quenda) or herbivore pellets (woylies). 

For one week prior to, and during the experiment, seeds and fruit containing seeds were 

substituted with other items (e.g. similar fruit or vegetables without seeds). Feed was 

provided daily in the late afternoon and remaining food was removed each morning. 

Water was provided ad libitum throughout.  

 

We used commercially sourced seeds (Nindethana Australian Native Seeds – King 

River, WA) of three native species previously recorded in the diet of Potoroids or 

Peramelids: Acacia acuminata, Dodonaea viscosa and Gastrolobium calycinum 

(Christensen 1980, Bice and Moseby 2008) (Table S1). Prior to the start of the 

experiment, we determined the viability of the seeds using a Faxitron MX-20 Digital X-

Ray Cabinet (Tucson, Arizona, USA). Seeds that appeared uniformly white/grey in the 

digital imagery were deemed to be viable (Erickson 2016). Seeds that appeared 

shrivelled/empty or abnormal were deemed non-viable and were discarded. The viable 

seeds were not treated to break physical dormancy so that we could investigate how this 

was affected by consumption by our study species. The germination capacity of control 

seeds (i.e. seeds not consumed by the study animals) was determined in the laboratory 

by incubating 100 seeds of each species at 15°C with a 12 hour light-dark cycle, using 

water agar as a germination medium (Merritt 2006). Twenty-five seeds of a single 
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species were sown onto each petri dish. Prior to sowing, seeds were rinsed in a 30 gL-1 

bleach solution and sterilised water to reduce fungal contaminants (Merritt 2006). The 

number of germinating seeds was then counted weekly for four weeks. 

 

At the commencement of the feeding experiment, 150 viable seeds (50 of each species), 

taken from the same seed pool as the controls, were mixed into each animal’s usual 

feed. The modified feed was provided to the animals at 1600 h on the first day of the 

experiment and the remains removed at 0700 h the following morning. Remaining feed 

and the enclosures were searched for unconsumed seeds or seed caches so that the exact 

number of seeds consumed by each animal (i.e. the number of seeds found subtracted 

from 150) could be determined (Table 1).  

 

Scat collection commenced at 2400 h (approximately 8 hours after presentation of the 

seeds) and was conducted at approximately 0700, 1600 and 2400 h for four consecutive 

days. A final scat collection event was conducted at 0700 h on day five, giving a total of 

14 collection events (over 107 h) for each animal. This time period was based on marker 

excretion times of three species of potorine marsupials (Wallis 1994). During each scat 

collection event, the floor of the enclosures, the refuges and fresh foliage were searched 

carefully for scats or loose seeds by one or two observers, and the start time and 

duration of search were recorded. The midpoint between the end and start times of 

consecutive checks was used as the excretion time for calculations, as per Wallis 

(1994). Collected scats were placed into paper bags and stored in a well-ventilated 

location at room temperature until the conclusion of the experiment. The samples were 

dried at 35°C for six days and then stored at room temperature until the scat analysis 

was conducted.   

 

All scats were examined for seeds. Scats were soaked in water and then carefully teased 

apart. Whole seeds, with or without the elaiosomes, were removed, sorted by species 

and dried. Where the number of retrieved seeds was less than the number consumed by 

the animals, we assumed the missing seeds were destroyed during the digestive process. 

The viability of the retrieved seeds was retested using the x-ray method described 

above. We performed a germination trial, including the seed sterilisation step, as 

described above, on all retrieved seeds that appeared viable using separate petri dishes 

for each animal, seed species and collection event combination. Differences in the 

germination capacity of viable seeds retrieved from scats and control seeds were 
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assessed using Chi-square analyses in R statistical software (R Core Team 2019). We 

used the percentage of seeds that germinated as the response variable. 

 

Results 

 

The animals consumed most of the seeds presented to them (mean 71%, range 35-97%; 

Table 1) but many of the consumed seeds were damaged or destroyed. Seed fragments 

were found frequently in the scats but could not be identified to species and were 

discarded. Overall, less than half of the consumed seeds were retrieved whole, with or 

without the elaiosome, but recovery rates were highly variable between individuals 

(mean 46.8%, range 9-83%; Table 1).  

 

The peak excretion (54% of seeds) for quenda occurred between 4-11.5 hours (Fig. 1). 

For woylies, the peak excretion (59% of seeds) occurred between 19.5-24 hours (Fig. 

1). Mean gut passage time was similar to the time of peak excretion for both species: 

14±3 hours for quenda and 24±2 hours for woylies.  

 

 

Fig. 1. Relationship between the retention time (in hours) and the cumulative percentage 

of viable seeds of A. acuminata, D. viscosa, G. calycinum recovered from scats of (a) 

quenda and (b) woylies. The experiment was continued until 103.5 h after consumption, 

but the last seeds were recovered from the scats at 39.5 h (quenda) and 55.5 h (woylies). 

 

Of the seeds retrieved, 100% percent of A. acuminata, 96% of D. viscosa and 97% of G. 

calycinum seeds (97% overall) were viable after consumption by quenda. For seeds 
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consumed by woylies, 100% of D. viscosa, 87% of G. calycinum and 80% of A. 

acuminata seeds (88% overall) remained viable. Germination of A. acuminata, D. 

viscosa and G. calycinum occurred in both control and ingested seeds (Table 2). There 

was no significant difference between the germination capacity of A. acuminata seeds 

ingested by quendas or woylies and the controls (Table 2). Dodonaea viscosa seeds 

ingested by quenda had a significantly lower germination capacity compared to the 

controls, but there was no difference between the seeds ingested by woylies and the 

control seeds (Table 2). Gastrolobium calycinum seeds ingested by quenda had a 

significantly higher germination capacity than the control seeds, but seeds consumed by 

woylies had a significantly lower germination capacity than the control (Table 2). 
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Table 1. Number of seeds of each species used in the experiment, their consumption (i.e. number of seeds found subtracted from presented seeds), 

recovery, viability and germination capacity. Numbers in brackets represent the percentage of the previous section’s total.  

 Seeds presented Seeds consumed Seeds recovered Seeds viable Seeds germinated 

 A D G Total A D G Total A D G Total A D G Total A D G Total 

Quenda 1 (♀) 50 50 50 150 13 16 24 53 (35%) 8 7 10 25 (47%) 8 7 10 25 (100%) 1 2 5 8 (32%) 

Quenda 2 (♀) 50 50 50 150 31 36 20 87 (58%) 18 34 20 72 (83%) 18 32 19 69 (96%) 1 3 13 17 (25%) 

Woylie 1 (♂) 50 50 50 150 49 48 49 146 (97%) 25 16 29 70 (48%) 20 16 26 62 (88%) 1 8 4 13 (21%) 

Woylie 2 (♀) 50 50 50 150 47 45 49 141 (94%) 5 6 2 13 (9%) 4 6 1 11 (84%) 1 2 1 4 (36%) 

A – Acacia acuminata, D – Dodonaea viscosa, G – Gastrolobium calycinum 

 

Table 2. Number and percentage of viable seeds recovered from scats that germinated. Significant differences between viable seeds recovered from 

scats of quenda or woylies and the controls are indicated by bold font.  

 Control          Quenda         Woylie 

Seed species germinants germinants           χ2       p germinants           χ2         p 

Acacia acuminata 15 (15%) 2 (7.7%) 0.12   0.72 2 (8.3%) 1.91 0.17 

Dodonaea viscosa 51 (51%) 5 (12.8%) 22.84 <0.001 10 (45.4%) 0.32 0.57 

Gastrolobium calycinum 34 (34%) 18 (62.1%) 8.19   0.004 5 (18.5%) 4.57 0.03 
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Discussion 

 

Our study shows that viable seeds, capable of germinating under laboratory conditions, 

are deposited in the scats of quenda and woylies. Only forty-two percent of the 

consumed seeds were retrieved whole from the scats suggesting that quenda and 

woylies may act as seed predators. However, the high viability and germination of some 

seeds retrieved from the scats indicate that these species may also play a role in seed 

dispersal through endozoochory. 

 

Research on endozoochory in Australian marsupials is rare, but consumption by 

Potorous gilbertii and Setonix brachyurus increased germination in Billardiera 

fusiformis (Cochrane et al. 2005a). Similarly, we found that consumption by quenda 

increased germination in G. calycinum. However, overall, the germination capacity of 

seeds consumed by woylies and quenda was half that of the control seeds. Physically 

dormant seeds, such as those used in our study, require high temperature cues or 

mechanical scarification to render the seed coat permeable to water and allow 

germination to occur if conditions are suitable (Sweedman and Merritt 2006). 

Mastication or exposure to stomach acids may break physical seed dormancy, but can 

also damage seeds (Traveset et al. 2007b). We showed that dormancy was alleviated in 

the seeds that experienced the shortest gut passage time, G. calycinum consumed by 

quenda. However, the low number of intact seeds we recovered, and similar or lower 

germination capacity in the remaining species, indicates that consumption by quenda 

and woylies most often damages seeds.  

 

Although consumption by woylies or quenda improved germination capacity in only 

one seed species, endozoochorous dispersal offers other advantages to seeds. The 

deposition of seeds within scats may provide nutrients and protection from seed 

predators (Traveset et al. 2007b) and is more likely to occur to favourable locations 

(Carlo et al. 2007). For example, quenda and woylies forage extensively for 

subterranean food resources (Garkaklis et al. 2004, Valentine et al. 2012) and often 

defecate next to their foraging pits (B. Palmer pers. obs.). These scats may be covered 

by the ejected soil during pit creation or fall into the pits. Seeds in foraging pits are 

more likely to germinate (Valentine et al. 2017), exhibit higher growth rates (Valentine 

et al. 2018b) and are less likely to be predated (Radnan and Eldridge 2017). 
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The mean excretion times we recorded for quenda and woylies are within the range of 

published values for marker excretion times for other Peramelids and Potoroids (Wallis 

1994; McClelland et al. 1999), suggesting that standard digestive rate methods provide 

reasonable estimates of seed retention times. Most seeds in this study were passed 

quickly, with excretion rates peaking at 11.5 and 24 hours for quenda and woylies, 

respectively. Both species, however, retained some seeds for at least 39.5 hours. The gut 

passage times we recorded, combined with their home range sizes (quenda 5 ha, (Van 

Dyck and Strahan 2008); woylies 65 ha, (Yeatman and Wayne 2015), indicate that 

quenda and woylies may disperse seed over substantial distances. This may confer 

advantages, such as reduced competition with parent or sibling plants, to those seeds 

that remain viable after excretion and serve to counteract the negative impact of seed 

predation on plant populations. 

 

Reintroducing mammals could assist restoration efforts by increasing the dispersal of 

native plants (Cantor et al. 2010a, Genes et al. 2019). However, animals can also 

disperse exotic species (Dovrat et al. 2012), and this should be considered when 

predicting the ecological outcomes of a translocation. Given the gut passage times we 

recorded, during wild-to-wild translocations quenda and woylies would probably 

excrete most seeds consumed prior to their capture during the holding or transport stage, 

but some seeds could be excreted at the release site. We suggest that scats excreted 

during holding and transport are retained and disposed of where germination cannot 

occur, unless dispersal of plant species from the source site is desirable. Where the 

source site supports exotic species absent at the release site, post-release monitoring for 

seedling recruitment of species of concern may be warranted. 

 

Our study used only four captive animals and may not be representative of what 

happens in natural systems. For example, bettongs and bandicoots feed on mycorrhizal 

fungi and the co-occurrence of seeds and mycorrhizal fungal spores in scats may alter 

germination or growth rates (Tay et al. 2018). Field-based studies are required to 

determine how often free-living quenda and woylies consume seeds, and if this seed can 

germinate after consumption. Investigations on how consumption by other Australian 

mammals affects seed viability and germination capacity of a wide range of seeds, 

especially those already known to be part of their diet (Morton 1985), would also be 

useful. Our research demonstrates that endozoochory by Australian mammals is 
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possible; future research will hopefully determine whether it contributes significantly to 

vegetation dynamics in natural settings. 
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Supporting Information 

 

Table S1. Seed species offered to quenda and woylies, their respective size (mm), mass 

(g), presence of eliaosomes, dormancy and laboratory treatment used to trigger 

germination. 

Seed species Size (mm) Mass (g) 
Presence of  

eliaosomes 

Physical  

dormancy 

Laboratory 

treatment* 

Acacia acuminata 5  0.014 Yes Yes Hot water 

Dodonaea viscosa 3 0.009 No Yes Hot water 

Gastrolobium calycinum 5  0.012 No Yes Hot water 

* Sweedman and Merritt 2006 
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CHAPTER 6 
 

  

 

GENERAL DISCUSSION 

 

Overview 

 

 

Bioturbator mammals are considered to be important ecosystem engineers and play 

critical roles in influencing ecosystem processes around the world (Jones et al. 1994, 

Coggan et al. 2018, Mallen‐Cooper et al. 2019). In addition to their engineering 

activities, soil-disturbing mammals that consume fungi may also provide a vital link, via 

digging and/or dispersal, between plants and fungi. Since fungi can increase nutrient 

availability to many plants, particularly in regions with weathered and infertile soils 

(Brundrett and Tedersoo 2018), the animal-plant-fungi interactions facilitated by 

digging mammals may be essential. In this thesis, I show that woylies (Bettongia 

penicillata ogilbyi) can act as ecosystem engineers by altering and improving soil 

properties even in human degraded areas, which may contribute towards restoring these 

landscapes. To investigate the role of woylies as ecosystem engineers, this thesis 

adopted a variety of approaches, from field soil surveys and experimental manipulation 

using artificial diggings, to glasshouse trials using soil from natural diggings, fungal 

analyses of both soil and seedling roots, and seed consumption and gut passage times by 

Australian digging marsupials. My findings indicate that bioturbator mammals, such as 

the woylie, can play a role in restoring landscape structure and processes by promoting 

soil health and at the same time contribute to native seedling germination and 

establishment, and microbe activity. 

 

 

Taking a global view, in Chapter 2, I showed that bioturbator mammals comprise at 

least 22% of land-based mammals worldwide. Many of these species are threatened, 

with Australia having the highest rate of extinction of bioturbator mammals. The 

biggest threat to these mammals throughout the world is habitat loss due to the 

conversion of natural systems into agricultural areas, although in Australia the main 

threat is due to predation by invasive species. This Chapter highlighted how little we 

actually know about bioturbator mammals and how they could be a key component in 

maintaining ecosystems around the world.  
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In chapter 3, I demonstrated that the creation of a digging (in this study, mimicking 

natural woylie foraging diggings) may alter soil properties and seedling recruitment. In 

landscapes that are currently under active restoration, but historically were cleared and 

utilised for food cropping and grazing, I found that woylies can mitigate some of the 

negative impacts associated with vegetation clearing. Examining the multiple effects of 

diggings in a range of different landscape legacies, this chapter showed that soil 

disturbance by woylies alters soil structure, decreasing soil compaction – one of the 

most common physical forms of soil degradation – allowing water infiltration and 

consequently benefiting seed germination capacity. 

 

In Chapter 4, I experimentally showed that the foraging activities of woylies affect 

seedling recruitment, due to the improvement in key nutrient levels over time in the 

digging, likely caused by the decomposition of organic matter by fungal activity. This is 

especially important in the context of the poor fertility of soils in southwestern 

Australia, where plants are largely dependent on mycorrhizal fungi to increase both 

nutrients and water uptake. This Chapter provided insights on the relatively under-

researched tripartite relationship between animals, plants and fungi, and the potential of 

bioturbator mammals in assisting in landscape restoration processes. 

 

In Chapter 5, I established that digging marsupials such as quenda (Isoodon fusciventer) 

and woylies, although considered seed predators, can also disperse viable seeds through 

faeces, and the seeds are subsequently able to germinate. Due to their home ranges (e.g. 

~5 ha and ~65 ha), these animals are also likely to facilitate the dispersal of seeds away 

from parent plants to new areas. Consequently, seed dispersal may be another function 

performed by soil-disturbing mammals that could help to restore degraded landscapes. 

Although digging mammals are not typically considered to play important roles in seed 

dynamics, this Chapter provided insight into the possible role these species can provide, 

by demonstrating that they can disperse, and break physical dormancy, of seeds. 

 

This Chapter aims to discuss the implications and limitations of results found in 

Chapters 2 – 5, as well as the main conclusion of the thesis. In the following sections, I 

synthesise my key findings and explore the role that digging mammals play in 

ecosystem engineering related to soil processes, seed, fungi and plant dynamics. I also 

discuss how these findings can help inform restoration projects. 
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The global importance of mammal bioturbators 

 

In Chapter 2, I showed that there is a distinct gap in knowledge about the taxonomy, 

basic ecology, distribution trends, and conservation status of many non-flying land-

dwelling mammal species considered to regularly perform bioturbation activities. I 

found that underdeveloped countries have the highest proportion of species classified as 

data deficient, where there is extremely limited information available. My study 

highlights the need for further research in these areas, where many species are going 

unnoticed but are likely to be experiencing threats or population declines. Lack of 

research on many bioturbator species may have implications for global mammal 

conservation strategies (Rondinini et al. 2011b), especially in the context of ongoing 

human impacts and animal biodiversity loss (Dirzo et al. 2014). My review also 

emphasizes that there is little information available on the ecological roles many 

bioturbator mammal species play in the environments in which they live, related to soil 

processes and services. More detailed knowledge is available on the engineering roles 

of particular species, such as prairie dogs (Cynomys spp.), which are considered to be 

keystone species and play an essential role in maintaining grassland ecosystems (Kotliar 

et al. 1999, Davidson et al. 2012). These and similar species, although often considered 

as pests (Delibes-Mateos et al. 2011), can have a mutualistic relationship with other 

economically important species such as livestock, and play synergistic roles in shaping 

the structure of ecosystems (Zhang et al. 2003, Davidson et al. 2010). Nevertheless, 

some bioturbator mammals have also been found to have negative impacts within 

ecosystems, for example by promoting undesirable non-native plant species and driving 

declines in invertebrate predators and food resources (Hobbs and Mooney 1991, Eviner 

and Chapin III 2003, Gibb et al. 2021). Apart from the engineering activities related to 

soil processes, bioturbator mammals may also perform other roles, such as herbivory 

(Villarreal 2008), seed and fungal dispersal (Chapman 2015, Nuske et al. 2017, Miranda 

et al. 2020a), and becoming prey for predators (Pustilnik et al. 2020). 

 

 

Overall, I show that habitat modification, especially related to agricultural activities, 

which are the main threat to most bioturbator mammal species worldwide, also results 

in the loss of crucial functions. The soil disturbance activities by bioturbator mammals 

can benefit human well-being through the provision of a range of ecosystem services. 

Organic matter decomposition, nutrient cycling and habitat provision for many other 
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organisms are examples of supporting services that are associated with the soil 

disturbance activities of bioturbator mammals (Davidson et al. 2012, Platt et al. 2016). 

Similarly, while disturbing soil, mammals such as prairie dogs (Cynomys ludovicianus), 

wild boars (Sus scrofa), and echidnas (Tachyglossus aculeatus), mix and trap plant floor 

debris, transferring organic matter into the soil and enhancing carbon storage (Martínez-

Estévez et al. 2013, Don et al. 2019, Eldridge and Koen 2021), an important regulation 

service. Such functions and services are lost when digging mammals decline due to 

habitat modification. Conversely, the reinstatement of these animals can help in 

restoration and assist in ameliorating climate change impacts. In a world with ongoing 

and pervasive human influence on natural systems and biodiversity, projects that aim to 

conserve these animals may save more than just the species but also the function and 

services they perform.  

 

Effects of mammal diggings on soil and plant processes in agricultural landscapes 

 

Soil disturbance by mammals can affect other species directly or indirectly. In arid and 

semi-arid environments, bioturbation activities are known to benefit plants, especially 

those that depend on the symbiotic association with mycorrhizal fungi, which enhance 

the absorption of water and micronutrients by the plant roots (Brundrett and Tedersoo 

2018). The increase in fungal activity can occur in several ways. One way, as I 

discussed in Chapter 2, is by the dispersion of fungal spores in faeces. Tuco-tucos 

(Ctenomys spp.), for example, are burrowing mammals that disperse coprophilous fungi 

underground in faecal pellets. This allows the fungi to make contact with the root 

systems of early successional plant species, improving conditions for plant development 

and growth (Claridge and May 1994, Nuske et al. 2017, Miranda et al. 2020b). 

Similarly, woylies and other digging mammals such as quenda not only consume and 

disperse seeds (Chapter 5) but also feed on hypogeous fungi and have proved to be 

efficient inoculation agents for ectomycorrhizal fungi via their faeces (Lamont et al. 

1985, Dundas et al. 2018, Tay et al. 2018). In addition, the creation of diggings or 

burrows may provide enhanced microsites for fungal colonization, due to the high 

concentration of organic matter, as observed in Chapter 4. 

 

In Chapter 3, I showed that artificial woylie diggings help in loosening the soil even in 

degraded areas with a legacy of clearing for agriculture. Lower soil compaction may be 

important for restoring such places as it allows greater water infiltration into the soil and 
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creates large soil pores that favour plant root penetration (Nawaz et al. 2013). I did not 

find consistent trends in nutrient concentrations across the range of land-use types, and I 

also did not find differences in soil fungal taxa, diversity, and community composition, 

which may be due to the use of artificial diggings. The use of artificial diggings and 

burrows, if based on the size and shape of real excavations, allows experimental control 

over factors such as pit age, which are difficult to determine accurately in natural 

excavations. It also enables the assessment of digging effects in areas where the animals 

are absent or occur in low abundance. Artificial diggings and burrows have been shown 

to be effective in addressing similar questions in other studies (Boeken et al. 1998, 

Garkaklis et al. 2000, McCullough Hennessy et al. 2016, Valentine et al. 2017). 

However, they may not entirely correspond to the overall complexity of natural 

excavations or the relationship between animals and the environment. For example, 

woylies may influence fungal communities by being a vector for fungi, and this cannot 

be replicated by artificial diggings. Nevertheless, my results demonstrated that the 

physical effect on the soil, caused by the decrease in soil compaction and increase in 

soil moisture, was sufficient on its own to allow greater recruitment of seedlings in the 

diggings.  

 

In contrast to the findings in Chapter 3, in Chapter 4 I observed marked differences in 

soil nutrients and fungal activity in soil from both fresh and eight month old natural 

woylie diggings. The same pattern was also observed with eastern bettongs (Bettongia 

gaimardi) in a temperate grassy woodland (Ross et al. 2019), where differences in soil 

chemistry were evident in eight month old pits. However, the same study also 

demonstrated that there were no differences in nutrient levels in the pits after 24 months 

(Ross et al. 2019), possibly as a result of leaching due to increased water infiltration 

(Garkaklis et al. 2003). This indicates that there may be inconsistency in the direction of 

change as diggings age. Importantly, however, my findings in Chapter 4 show that the 

age of the diggings matters. Both Gastrolobium calycinum and Eucalyptus wandoo had 

higher germination, bigger seedlings and greater shoot biomass in soil from old 

diggings compared to seeds planted in soil from fresh diggings. These responses were 

likely influenced by the nutrient levels and high heterogeneity of fungal communities 

detected in old diggings.  

 

I observed that old diggings had more coarse litter in the pit compared to fresh diggings. 

As the digging ages, the soil collapses and slightly buries the plant litter. Organic matter 
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both in the pit and trapped below the spoil heap probably decomposes faster as a result 

of the elevated moisture content, as discussed in Chapter 3. Presumably, when woylies 

are abundant and their foraging continually creates multiple diggings of different ages in 

an area, this may result in a mosaic of micro-scale fertile patches throughout a 

landscape. Such small-scale disturbances, although ephemeral, may cumulatively 

impact ecosystems and have long-term consequences at larger scales. My findings in 

Chapter 4 also suggest that, by promoting a suitable microhabitat for litter 

decomposition, foraging pits of woylies may also lead to reduced litter loads. Previous 

studies have shown that bioturbator mammals may alter fire fuel loads by changing 

surface litter characteristics and distribution (Clark et al. 2018, Ryan et al. 2020). 

Woylies dig throughout the year and one individual can create an average of 70 foraging 

diggings per night (Garkaklis et al. 2004), which means that these digging mammals, 

when abundant, may be able to significantly alter litter accumulation and breakdown.  

 

Although they specialize in feeding on fungi, woylies can also feed on other resources, 

such as tubers, soil invertebrates, leaves and seeds (Zosky et al. 2018), particularly 

when fungi are less abundant (Abell et al. 2006, Vernes 2014). Gastrolobium spp., for 

example, provides food and shelter for woylies (Christensen 1980, Murphy et al. 2015). 

Woylies, in turn, disperse fungal spores that assist with the establishment and growth of 

Gastrolobium species, especially after fire (Lamont et al. 1985). In Chapter 5, I also 

showed that G. calycinum seeds are likely to remain viable after passing through the 

digestive tract of woylies and are able to germinate. Seed pods of the Gastrolobium spp. 

found in Dryandra Woodland are present in November and seeds are released in early 

summer (McKenzie 2020). Woylie diggings may then provide effective refuges for the 

seeds until conditions are suitable for seeds to germinate (Sweedman and Merritt 2006). 

Results from both Chapters 3 and 4 indicated that seedling recruitment of G. calycinum 

is likely to be significantly greater in the diggings compared to the adjacent undisturbed 

area.  

 

Despite the evidence that bioturbator mammals play critical roles in ecosystems, as 

addressed in Chapter 2, this group of fauna remains mostly overlooked in restoration 

settings (Cross et al. 2020). Many studies have already shown that the success of 

vegetation regeneration in agricultural lands depends on plant-animal interactions, 

including pollination, seed and fungal dispersal, and soil modification (Munro et al. 

2007, Catterall 2018). To date, as far as I am aware, only one other study has addressed 
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this in relation to digging mammals. Eldridge et al. (2016) demonstrated that digging 

activities of echidnas were able to offset negative impacts from livestock grazing on soil 

functioning. In such grazed areas, the foraging pits of echidnas had more microbial 

activity compared to surface soils, which was also related to the accumulation of 

organic matter into the pits and altered moisture availability (Eldridge and Mensinga 

2007). My findings in Chapter 3 and 4 support these prior observations. Many 

Australian soils are old, deeply weathered, have low fertility due to the lack of recent 

geological activity (White 1994, Henderson and Johnson 2016), and have been 

significantly altered by farming practices (Evans 2016). Fungi are particularly important 

for ecosystem functioning and growth of many plant species in these landscapes 

(Brundrett and Tedersoo 2018). Hence, digging mammals can play a crucial role in 

animal-plant-fungi interactions, and their soil disturbance activities may help in 

recovering soil health to be more suitable for seedling recruitment and plant growth in 

restored agricultural areas.  

 

Seed dispersal 

 

In Chapter 5, I showed that digging marsupials such as quenda and woylies may break 

seed physical dormancy and deposit viable seeds in their faeces and the seeds can 

subsequently germinate. Therefore, combining information on the movement capacities 

of these animals (Paull 2008, Yeatman and Wayne 2015) with my findings on gut 

passage time of seeds suggests that Australian digging marsupials can add another 

useful contribution to restoration projects by dispersing seeds. Several studies have 

addressed the efficiency of seed dispersal by mammals in regenerating the native 

vegetation in degraded habitats in different biomes around the world (Matías et al. 2010, 

Peredo et al. 2013, Silva et al. 2020). This is especially relevant for frugivorous species 

with large home range sizes and high retention time of seeds, enabling them to disperse 

seeds over long distances (Jordano et al. 2007). Similarly, mammal species that are not 

specialised in feeding on seeds have also been shown to contribute significantly to seed 

dispersal in degraded environments worldwide (Cantor et al. 2010b, Escribano-Avila 

2019). 

 

Bettongs such as woylies exhibit seed-caching behaviour, and seeds of Gastrolobium 

spp., Acacia acuminata and Santalum spicatum, used in Chapters 3 and 4, are known to 

be cached by these animals (Murphy et al. 2015). If scatter-hoarded seeds escape 
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detection by the animal and at the same time are buried at favourable depths for 

seedling emergence (Pearson and Theimer 2004), this can result in modified vegetation 

distribution and regeneration (Murphy et al. 2005). In addition, while foraging, woylies 

and other digging mammals that consume seeds are likely to deposit seeds in scats in or 

adjacent to the excavated area that may then be covered by the ejected soil. Seeds in the 

pit are also less likely to be predated (Radnan and Eldridge 2017). In Chapters 3 and 4, I 

demonstrated that seeds in foraging pits and spoil heaps exhibit higher germination rates 

and germinants had higher growth rates compared to the undisturbed adjacent area.  

 

Ballygin farm, one of the locations where I conducted Chapter 3, is bounded by 

Boyagin Nature Reserve, a non-predator-fenced reserve where woylies, quenda, 

echidnas, and numbats (Myrmecobius fasciatus) still occur. Although camera traps did 

not record any native digging mammals in the area, apart from echidnas, the farm 

owners frequently observe numbats and have detected diggings in the past that they 

believe were made by woylies. The diggings were close to sandalwood trees, the nuts of 

which are known to be an important food resource for woylies (Murphy et al. 2015). If 

woylies are visiting the farm, they may also be dispersing seeds and fungi from the 

reserve to the farm, in addition to creating sites favourable for fungal activity, as 

demonstrated in Chapter 4. This in turn could assist in improving soil health and 

vegetation reestablishment in these restored areas. 

 

The findings in Chapter 5 led to an additional collaborative research project (Palmer et 

al. 2021; Appendix III), where we tested the viability and germination capacity of seeds 

eaten and found in the scats of five species of free-living digging marsupials (Bettongia 

lesueur, B. penicillata, Isoodon auratus, I. fusciventer, and Macrotis lagotis) from 

different regions of Australia. These results confirm that these soil-disturbing mammals 

can act as seed dispersers via endozoochory. The five species consumed a wide range of 

plant types, including herbs, shrubs, trees and grasses, with a variety of fruit and seed 

types. Although the abundance of intact seeds in scats was generally low, the majority 

of the retrieved seeds appeared viable and five seed species germinated under laboratory 

conditions. However, it was also observed that some digging marsupials might also 

facilitate the dispersal of non-native plant species. Buffelgrass (Cenchrus ciliaris), for 

example, a highly invasive environmental weed (Marshall et al. 2012), was recorded in 

some scats but did not appear viable and did not germinate. 
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Research challenges and limitations 

 

In Chapter 2, I experienced challenges associated with the accessibility of the data used. 

There are considerable information gaps about mammal species worldwide, especially 

of some particular groups, for example, rodents, and species from underdeveloped 

countries.  

 

In Chapter 3, the number of soil samples that could be analysed for the respective 

nutrient and fungal analyses was limited by funding available, and hence it was not 

possible to examine each location of the foraging pit (pit, spoil head, and adjacent 

control) separately to have a more comprehensive analysis. For this reason, I bulked soil 

from different diggings and digging locations in the dug plot, and from different 

locations in the control undug plot. This resulted in only two samples of soil per plot, 

for both the nutrient and fungal analyses. This and the low number of plots established 

in each study location may have influenced the lack of differences in nutrient and fungi 

content. 

 

Similarly, in Chapter 4, due to funding limitations as well as the different sizes of the 

diggings identified in different seasons, I bulked soil samples from specific foraging pit 

location and age; reducing the number replicates. Although the use of soil core samples 

is an efficient way to closely monitor seedling recruitment while controlling natural 

external factors, I faced some challenges when conducting my glasshouse experiment. 

Insect predation of seeds of S. spicatum resulted in their low recruitment, and because of 

this, it was not possible to include the species in the analyses. I also experienced 

technical problems related to water irrigation. The lack of water in some of the plant 

pots affected the survival of several seedlings. This in turn also affected the subsequent 

rhizosphere fungal analysis, which was subsequently limited to fewer samples. In this 

study, sampling of diggings was also limited to one time between diggings (eight 

months). Inclusion of more sample timings would be helpful in better understanding the 

effect of the accumulation of organic matter over time following digging. 

 

In Chapter 5, I conducted the seed gut passage experiment using captive animals, and 

only four individuals, which were fed with seeds mixed into other food. I was also 

limited to only three species of seeds. I acknowledge this may not fully represent what 

happens in natural systems. Although I have explored that in additional research 
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(Palmer et al. 2021; Appendix III), field-based studies are still necessary to determine 

the rate at which free-living animals consume a wide range of seeds, including non-

native seeds, and to establish if these seeds can germinate after consumption.  

 

Implications for management and future research  

 

This thesis presented the distribution of threatened bioturbator non-flying land-dwelling 

mammal species worldwide as well as identifying research gaps. It highlights one of the 

main causes of species decline and loss, which is related to agricultural activities, and 

suggests that this loss can seriously influence an array of ecosystem functions. This 

work also calls attention to the urgent requirement for investments in scientific research 

that assesses the conservation needs of these species and the development of strategies 

that prevent their decline, especially in regions where there is a large proportion of 

threatened and data deficient species. Additionally, management strategies that consider 

the benefits to human populations from the roles and services provided by these animals 

would certainly emphasise their value to humanity.  

 

If bioturbator mammals are able to play an active role as facilitators of ecological 

restoration, several essential management issues have to be addressed. In human-

modified Australian landscapes, predator management must be a priority. Australian 

digging mammals are threatened by exotic predators and have experienced population 

declines and substantial range contractions. Moreover, many digging mammal species 

have become extinct across much of the Australian continent (Fleming et al. 2014). The 

use of fauna, such as digging mammals, in restoration projects is likely to fail without 

prior and ongoing predator management. Predator control can include a variety of 

approaches including predator-proof fences and poison baits, and ongoing research is 

examining how to reduce predator impacts most effectively. Controlling the abundance 

of predators in restored areas that are close to nature reserves, where predator 

management practice already takes place, could possibly allow digging mammals to 

occur in the area, while dispersing seeds and fungal spores from the reserve to the 

restored farms. In addition to predator management, survival of species translocated to 

the degraded areas requires the provision of adequate habitat conditions including 

shelter and suitable food resources.  
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Digging mammals, such as the woylie, can affect nutrient cycling, soil compaction, 

moisture, seed recruitment, plant growth, and fungal activity. Further research is 

required to better understand the tripartite relationship between animal, plant and fungi, 

and the role of these animals in dispersing seeds and fungal spores in a restoration 

context. Land managers may also need to consider the risk that non-native plant species 

could also be dispersed during translocation of digging mammals. Examinations of what 

seed species are consumed by digging marsupials, including non-target species and 

novel elements, seasonal variation and the state of seeds, and germinating capacity after 

consumption are all warranted. Moreover, micro-scale studies that focus on the impact 

of digging mammals in different areas that have undergone human modifications may 

be useful to fully understand the role of these animals before moving to a broader scale. 

 

Conclusion 

 

In this thesis, I evaluated the conservation status of bioturbator mammals around the 

world, experimentally tested the benefits that Australian digging mammals can provide 

in restoring degraded landscapes through improving soil health, fungi activity, and 

seedling recruitment, and examined the potential role of these animals as seed 

dispersers. I have shown that bioturbation by mammals modifies habitat characteristics 

and can help in restoring soil health to be more suitable for native plant growth in 

habitats that have undergone human modifications. Moreover, my results provide the 

first evidence that digging mammals such as quenda and woylies have the potential to 

act as seed dispersers through endozoochory. Due to the substantial role bioturbator 

mammals can play as facilitators of ecological restoration, the use of digging mammals 

in human-modified landscapes, if well planned, can simultaneously improve species 

conservation and ecosystem restoration outcomes. 
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My first contact with an Australian digging mammal. 

 

Quenda (Isoodon fusciventer) 

Joondalup WA – Australia, November 2017 
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