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Abstract

The world is experiencing an extinction crisis, and Australia has one of the highest extinction rates in
the world. Contributing to these species’ declines are a range of factors, but one of the most
significant pressures on wildlife in Australia, and across the globe, is agriculture because it profoundly
disturbs natural ecosystems. Agriculture, in particular, livestock grazing, is Australia’s primary land
use, and one of our largest industries and global exports. Concerningly, amidst an extinction crisis,
agriculture is set to expand in response to increasing global wealth and population size. With such a
significant amount of land dedicated to livestock grazing, effective management of these production
systems has the ability to significantly influence future production and conservation outcomes and

should therefore be re-evaluated if we are to improve the future outcomes of both, simultaneously.

Sustainable grazing has been highlighted as a means of meeting production demands, whilst
supporting biodiversity and enhancing ecosystem health and functioning. For Australia’s beef
production industry, determining and using appropriate grazing strategies and stocking rates could be
the key to a sustainable and productive future, with reduced environmental impact. To achieve this,
we need broad-scale adoption of sustainable grazing practices, and for that we need to continue
providing industry with information about the benefits of sustainable land management to ecosystem
health, functioning and ultimately, productivity. One aspect of this is better understanding how these
sustainable grazing strategies directly influence the wildlife within these rangeland systems, and

likewise, how wildlife benefit these systems.

For my thesis, | investigated the effect of various grazing strategies on the shelter and forage site
selection of rufous bettongs (Aepyprymnus rufescens). Food and shelter are critical to the survival of
all species, thus, understanding how grazing land management influences these factors is imperative
if we want to safeguard the wildlife on these landscapes and improve biodiversity outcomes. In
addition to forage and site selection, | also investigated and quantified the beneficial ecosystem
services provided by the rufous bettong to rangelands. My research is pertinent to the ongoing global

dilemma: how do we achieve production and biodiversity outcomes simultaneously?

Over two years, | tracked the diurnal and nocturnal locations of 15 rufous bettongs fitted with VHF
radio collars, conducted 100 dig count transect surveys, deployed 80 Thermochron™ iButton
temperature loggers, measured the volume of 83 diggings and conducted vegetation composition
assessments across five different grazing strategies and three vegetation types, in both wet and dry

seasons.



| found that rufous bettongs were generally resilient to a range of grazing strategies; however, my
data indicated a trend towards preferential selection of rotational spelling strategies, and avoidance
of heavy stocking rate strategies. At a fine-scale vegetation level, | found that rufous bettongs
preferred to shelter in the abundant, native shrub, Carissa ovata. Shelter sites themselves were an
important buffer to highly variable, and sometimes extreme, ambient temperatures and thus, likely

an important factor in the species’ success in grazing landscapes. | also found that digging site

selection was not affected by grazing strategy, and digging occurred at the same rate throughout the

year. Finally, | determined that 72 m3 of soil is moved by rufous bettongs at my study site annually;

approximately 1.3m? soil/individual/year.

My findings suggest that rufous bettongs are a valuable ecosystem engineer within the grazing
systems they inhabit due to their widespread digging behaviour, which occurs throughout the year
and leads to a significant amount of soil displacement. The benefits of digging and soil turnover are
well documented, therefore, having digging animals on resource-scarce rangelands could lead to
significant, long-term landscape improvements. Therefore, | suggest that the rufous bettong is a
species whose presence, and actions, could be a means of addressing the conundrum of meeting
global beef production demands, while mitigating environmental risks and improving biodiversity

outcomes.

To do this, there needs to be a mindset shift, and an adoption of a more holistic approach to the

management of grazing on Australia’s rangelands, such that there is consideration given to the

interconnectedness of production systems and natural ecosystems. By making decisions that support

biodiversity, such as reducing the clearing of Carissa ovata, or using moderate grazing strategies,

species such as rufous bettongs, who provide invaluable ecosystem services, could coexist on the land

while simultaneously improving landscape health and productivity. Broad-scale adoption of

sustainable land management in the agricultural sector therefore has the potential to be a catalyst of

change that sees the world better able to feed a growing population, while preserving and

maintaining biodiversity and the benefits it provides.

Vi
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Chapter 1 A review of the role and distribution of ecosystem engineers:
Potoroidae, in northern Australian rangelands

Abstract

The global extinction crisis, and its associated losses, have become critical to many industries such as
agriculture, that rely on the maintenance of landscape health, productivity and sustainability, and are
suffering from the loss of species such as ‘ecosystem engineers’, which mediate ecosystem services
and consequently maintain landscape health. In this chapter, | reviewed the role of ecosystem
engineers, with particular focus on the family Potoroidae, within Australia’s rangelands and
determined, for each species, the percentage of habitat overlap with cattle grazing. | found that the
rufous bettong (Aepyprymnus rufescens), the most abundant of all potoroids, was underrepresented
in ecological research, and had the greatest overlap with cattle grazing (38%) of any Potoroidae
species. Better understanding the ecological role of this species, particularly within agricultural
systems, was identified as a key area for further research. | recommended that for biodiversity, and
land health and functioning to be sustained in Australian rangelands, then developing a greater
understanding of the ecology, and ecosystem role of this species, within grazing systems could be
important. Utilising land management practices that support this species, and others, in grazing

systems helps to achieve both biodiversity and agricultural production outcomes in the future.

Introduction

Australian wildlife face an uncertain future amidst a global extinction crisis of magnitude comparable
to those that occurred in prehistoric times (Hooper et al. 2012; Tilman 1999). Since 1788, Australia
has lost 11% of its endemic mammal fauna, equating to 50% of all mammal extinctions globally in that
time (Hooper 2005; Woinarski, Burbidge, and Harrison 2015). The loss of just one species from an
ecosystem can have a big impact. It can result in important ecological niches being vacated; niches
upon which an unknown number of species, and ecosystem functions may rely. This accelerating
biodiversity loss is negatively affecting landscape health, productivity and sustainability (Hooper et al.
2012; Tilman 1999; Hooper 2005), to such a degree that its effects equal, or exceed those of rising CO>
levels and drought (Cardinale et al. 2012; Hooper et al. 2012). It is, therefore, an issue rivalling climate

change, and needs further attention.

Australia is an isolated continent characterised by its arid climate, seasonal rainfall, ancient,
weathered and low-fertility soils, and regular wildfires (Orians and Milewski 2007; Beeton et al. 2006).
Although having evolved to withstand this distinct and challenging environment, Australia’s unique

ecological communities have a particularly low resilience to further environmental pressures,



especially those that have ensued since European settlement (Beeton et al. 2006; Fleming et al. 2014;
Orians and Milewski 2007; Martin 2003; Eldridge and James 2009; Claridge 2002). Land clearing,
altered fire regimes, grazing and introduced species are just some of the novel pressures challenging
native flora and fauna (Beeton et al. 2006; Martin 2003; Fleming et al. 2014; Cocklin and Dibden
2009). Among the groups most vulnerable to these effects are native marsupial and rodent species,
which have experienced the highest extinction rate of all native Australian mammals; the family
Potoroidae is one such example (Seebeck and Rose 1989; Woinarski, Burbidge, and Harrison 2015). As
illustrated by Seebeck & Rose (1989) in Figure 1.1, the potoroids of genus Bettongia, formerly
occupied most of southern Australia and the east coast. However, since the 1700’s and the
introduction of novel pressures such as livestock grazing and introduced predators, these species, and
the rest of the Potoroidae family have suffered immense population attrition (Bradshaw 2012;
Gretton and Salma 1996; Martin 2003; Cocklin and Dibden 2009). Many of these species would have
had important ecosystem roles, and thus, could have contributed greatly to the health of their

surrounding ecosystem (Woinarski, Burbidge, and Harrison 2015).

Bettongia

lesueur

(former range)
Bettongia ‘
lesueur Bettongia
(present A\ tropica
range);, -

'L

Bettongia

or Ny Bettongia
penicillata ) "gaimardi
B. penicillata (former range) (former
(present SR range)
range) W :
B. gaimardi
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range)

Figure 1.1 Historic distribution range compared to the modern day distribution range of Bettongia lesueur, Bettongia
penicillata, Bettongia gaimardi and Bettongia tropica as at 1989 (adapted from Seebeck & Rose (1989)).



The species in the family Potoroidae can excavate large amounts of soil and thus have the ability to
alter their environment significantly (Claridge et al. 1992; James and Eldridge 2007; James 2004;
Eldridge and James 2009; Garkaklis, Bradley, and Wooller 2000, 2004). The effects of digging on the
landscape are numerous, and can result in increased organic matter decomposition rates due to soil
turnover, which exposes surface soil to sub-surface soil invertebrates and microbes (Eldridge and
Mensinga 2007; Garkaklis, Bradley, and Wooller 2000; Killham 1994; Whitford and Kay 1999; Eldridge
and James 2009). Studies show that digging also increases ecosystem heterogeneity by creating voids
in often highly compacted surface crusts, in which seeds can accumulate, and more successfully
germinate and grow, due to higher soil nutrients levels, lower temperatures, increased moisture
levels and protection from weather and granivorous fauna (Valentine et al. 2017; Dundas et al. 2018;
Eldridge and Mensinga 2007; James, Eldridge, and Moseby 2010; James, Eldridge, and Hill 2009;
Fleming et al. 2014) (Noble 1993; Noble et al. 2007; James and Eldridge 2007) (Whitford and Kay
1999; James, Eldridge, and Hill 2009). Furthermore, the presence of digging mammals can lead to
increased soil nutrients and soil enzyme activity (Decker et al 2019) and increased water infiltration
(Whitford and Kay 1999; Eldridge and James 2009; Valentine et al. 2017). Overall, as a result of all
these changes caused by digging, there is increased soil fertility and landscape heterogeneity where

digging mammals are present (Eldridge and James 2009; Whitford and Kay 1999).

It has been suggested that the decline in digging mammals may be a factor contributing to the
substantial declines in ecosystem function apparent today, particularly in arid and semi-arid Australia,
where land stability and productivity are likely dependent on the maintenance of processes mediated
by these ecosystem engineers (Martin 2003; Eldridge and James 2009; Fleming et al. 2014; Dundas et
al. 2018). In Australia, our nutrient poor arid regions are utilised primarily for cattle grazing. Eighty-
seven percent of all agricultural land in Australia are rangelands devoted to grazing, and this is set to
increase or intensify as global wealth and demand for beef products rapidly increases (ABS 2018;
McAlpine et al. 2009; MLA 2022; Lanz, Dietz, and Swanson 2018). Grazed environments are
characterised by low rainfall and extreme heat, this, together with Australia’s weathered and nutrient
poor soils, makes them vulnerable to erosion and degradation (Claridge 2002; Eldridge and James
2009; Orians and Milewski 2007). Grazing domestic livestock exacerbates pressure on this already
fragile landscape and can lead to what Rapport & Whitford (1999) describe as landscape stress.
Landscape stress is characterised by altered nutrient cycling, decreased productivity, vegetation loss,
surface soil loss, increased wind and water erosion, soil compaction and reduced surface roughness,
decreased landscape heterogeneity reduced species diversity, and a shift to more short-lived and
invasive species of flora and fauna (Rapport, Regier, and Hutchinson 1985; Eldridge et al. 2017,
Beeton et al. 2006; Nash, Jackson, and Whitford 2003; Tabeni and Ojeda 2003; Thrash 1998;



Whitford, Rapport, and deSoyza 1999; James, Landsberg, and Morton 1999). Overgrazing i.e. high
cattle stocking rates over a prolonged period of time, further compounds these detrimental effects

(Rapport and Whitford 1999; Fleischner 1994).

High stocking rates can alter plant species composition, often in favour of non-native, less palatable
grasses and woody shrubs (Fleischner 1994; Rapport and Whitford 1999). The altered landscape
disrupts habitat for vertebrates and invertebrates, resulting in reduced species richness and diversity
(Fleischner 1994; Tabeni and Ojeda 2003; Eldridge, Poore, et al. 2016; James, Landsberg, and Morton
1999). For example, Eldridge et al (2012) found that grazing intensity affected the habitat preference
of echidnas and goannas, with the lowest densities found on heavily grazed land. Similarly, grazing
intensity (on a scale of low, moderate, and high) influenced habitat selection by the rufous bettongs,
such that they avoided heavily grazed paddocks, instead opting for sites with low to moderate grazing

intensity (Neilly and Schwarzkopf 2018).

Increasing consumer demand is putting pressure on the cattle industry, and as a result, so too the
landscapes on which they occur (Bell et al. 2011; Cocklin and Dibden 2009; Beeton et al. 2006;
Eldridge et al. 2017). This could result in more widespread and severe land degradation if it is not
managed with consideration for the long-term health and sustainability of the landscape (O'Reagain
et al. 2018; Jhariya, Meena, and Banerjee 2021; McAlpine et al. 2009). Failure to appropriately
manage grazing land amidst global expansion and intensification of agriculture could result in reduced
ecosystem health and functioning, loss of productivity and loss of biodiversity, including valuable
ecosystem engineer species, such as bettongs (Lanz, Dietz, and Swanson 2018). To prevent this from
occurring, and to ensure that Australia can meet increasing consumer demands, while maintaining
biodiversity, it is imperative that we better understand the dynamic between cattle grazing, and
biodiversity, particularly the valuable ecosystem engineers who contribute disproportionately more

than other species to healthy ecosystem functioning.

In this chapter, | explore the valuable ecosystem role of each extant species within the family
Potoroidae, and, based on occurrence data from confirmed sightings, determine the degree of habitat
overlap each species has with cattle grazing. | also conduct a systematic review of literature to
identify what we currently know and understand about the ecology and ecosystem services of the
most abundant potoroid, the rufous bettong. | then discuss the relationship between ecosystem
engineers, ecosystem health, and cattle grazing, and how this dynamic could be better managed and

utilised to help achieve biodiversity and cattle production outcomes simultaneously.



Methods

Cattle grazing and habitat overlap

To determine the percentage of habitat overlap with cattle grazing for extant Potoroidae species, raw
sighting data was downloaded from the Atlas of Living Australia (ALA). This data was then filtered
using the following exclusion criteria: (i) Date of sighting: 1990-2019 (inclusive), (ii) Coordinate
uncertainty: < 5000m, (iii) Location: exclusion of ‘false’ locations, and (iv) Taxonomy: exclusion of all
‘false’ taxonomic records. Records deemed to be ‘false’, were data points that did not meet the
requirements of the data quality checks undertaken by ALA or its users (e.g. suspected outliers or

incorrect identifications).

The filtered data was then imported to the mapping software program QGIS (3.4). A grazing land use
‘layer’, based on the Australian Bureau of Agricultural and Resource Economics and Sciences (ABARES)
land use data (Pintor et al. 2018), was then added to the map to determine where grazing land
occurred. The overall percentage of habitat overlap with cattle grazing land, derived from confirmed
ALA sighting data, was calculated for each Potoroidae species by dividing the number of sightings on

grazing land, by the total number of sightings (occurring on a range of land types and localities).

Literature review

A range of databases were used to conduct this review including Scopus, Web of Science,
SpringerLink, PubMed and CSIRO Publishing in addition to the JCU Library One search. For table one,
each potoroid species’ scientific and common name was searched in each database. The ecosystem
services provided by potoroid species were categorised into one of five categories: mycophagism
(fungi consumption), soil turnover, spore dissemination, soil physical properties, landscape. A
summary of the main findings, under each category, and the associated authors were listed within the

table.

For table two, Scopus, Web of Science, CSIRO Publishing and Scopus were searched using
‘Aepyprymnus rufescens’, ‘rufous bettong’ and ‘rufous rat-kangaroo’ to display results which were
then searched individually for the same terms and the following exclusion criteria applied: the names
‘Rufous bettong’, ‘Aepyprymnus rufescens’, ‘rufous rat-kangaroo’ were in the subject of the paper; or
mentioned over 10 times within a paper; or they were the topic of discussion; or they were listed in
the keywords (N.B | did not include papers in which the species was mentioned briefly, e.g. in a

species list, as a capture in a field study etc.). For the purpose of this chapter, those results were then



categorised as: ecology, reproduction, parasitology, genetics, and only results relating to ‘ecology’ or

‘ecosystem engineer’ were tabulated and included here.
Key findings
Cattle grazing and habitat overlap

My examination of the degree of habitat overlap with cattle grazing for all extant Potoroidae species
is summarised in Table 1.1. In brief summary, from the ALA occurrence data | assessed, | found that
38.12% of rufous bettong habitat overlaps with grazing land, the greatest degree of overlap of all
species (Table 1.1). This was followed by Tasmanian bettong (Bettongia gaimardi) which had a 24.66%
habitat overlap with grazing land. The other species had less than 10% of their habitat overlapping
grazing land, with some species, Gilbert’s potoroo (Potorous gilbertii) and Burrowing bettong

(Bettongia lesueur), having no overlap with grazing land at all (Table 1.1).

Literature review

Potoroidae species

The ecosystem services provided by the species within family Potoroidae have been summarised in
Table 1.1. In summary, the burrowing bettong appears to be the most widely researched and
understood of the potoroid species, with a range of ecosystem services quantified and reported on by
a range of authors. Likewise, the brush-tailed bettong had numerous studies quantifying the extent of
its ecosystem services across all five categories. The Tasmanian bettong was also well represented in
the literature, particularly, in regards to its mycophagism. Of the bettong species, the most under-
represented in the literature, was the rufous bettong. That which was reported is summarised in
Table 1.2 and was limited to the extent of their mycophagism and their role as spore disseminators.
There were numerous papers outlining the ecosystem services provided by all three potoroo species;
Long-footed potoroo (Potorous longipes), Long-nosed potoroo (Potorous tridactylus) and Gilbert’s

potoroo.

Rufous bettong (Aepyprymnus rufescens)

The literature available to describe the ecology and ecosystem services provided by the rufous
bettong is summarised in Table 1.2 inclusive of the citation, sample size, study location and a

summary of findings. At the time of this review, | found five studies that met my search criteria.



Table 1.1 Comparison of Potoroidae species conservation status, grazing overlap, and existing knowledge of ecological service

Species

Long-footed
potoroo

Potorous longipes

IUCN Conservation

Vulnerable (2016)

Percentage
overlap with
cattle grazing

0.83

Ecological services

Mycophagism
82.6 + 7.29% of diet is hypogeal fungi, with little seasonal
variation %3
90-100% of diet is fungi®
91.2 + 4.4% of faecal remains contained fungi®
Fungus is >80% of the diet all times of the year ’
Spore dissemination

Spreads ectomycorrhizal spores in faeces*®

References

Nuske et al.
(2017b)

>Green et al.
(1999)

3Claridge, Tanton,
and Cunningham
(1993)

“Claridge et al.
(1992)

>(Reddell, Spain,
and Hopkins
1997)

®(Green et al.
1999)

7Johnson (1994b)
8 Scotts (1989)



Long-nosed
potoroo

Potorous tridactylus

Near Threatened

(2016)

6.99 Mycophagism

Hypogeal fungi are the primary food source, with less fungi
consumed in Summer and Spring®?
Fungus forms a minimum of 50% of the diet all times of the
year, with a peak in winter (92%), and low in summer (52%)°®
33-82% of diet is fungi, with seasonal and site specific
variation’

Soil turnover
Produce 2250 diggings/hectare/year?
Excavates 0.34-1.1tonnes/ ha/individual of soil yearly *

Spore dissemination

Disperses viable ectomycorrhizal fungal spores in faeces*®

'Bennett and
Baxter (1989)

2 Claridge and
Cork (1994)
3Claridge,
Cunningham, and
Tanton (1993)
“Claridge et al.
(1992)

Reddell, Spain,
and Hopkins
(1997)

Tory et al. (1997)
7 Claridge, Tanton,
and Cunningham

(1993)



Burrowing bettong

Bettongia lesueur

Brush-tailed

bettong

Near Threatened

(2019)

Critically Endangered

(2016)

7.69

Mycophagism
0.02% of diet comprised of fungi®
Fungi forms 19-23% of the diet in Winter, and 2% of diet in
Summer'®
Soil turnover
Excavates 1.3-5.99 tonnes/ha/individual of soil yearly
foraging 2
Excavates 2.8-9.8tonnes/ ha/individual of soil yearly
burrowing®
Spore dissemination
Disperses viable ectomycorrhizal fungal spores in faeces®
Soil physical properties
Increased mineral nitrogen, carbon and sulphur content in
digging pits?
Increased soil moisture content in digging pits?
Decreased subsurface soil temperature®
Landscape
Increased landscape heterogeneity>®’
Increased biomass of native grasses®’
Mycophagism
54-76% of diet is fungi, with more consumed in autumn and

winter®

YJames and
Eldridge (2007)
2James (2004)
3Eldridge and
James (2009)
*James, Eldridge,
and Hill (2009)
°Noble et al.
(2007)

®Noble (1993)
’Burbidge, Short,
and Fuller (2007)
8Reddell, Spain,
and Hopkins
(1997)

Bice (2008)
Robley (2001)

1Garkaklis,
Bradley, and
Wooller (2004)



Bettongia

penicillata

Soil turnover
Excavates 2.7-9.7tonnes/ha/individual of soil yearly'?
Produce an average of 66 diggings/night; and 5000-16000
diggings/ha/year®?

Spore dissemination
Dispersal and inoculation agent of ectomycorrhizal fungi via
faeces®>®’

Soil properties
May beneficially influence water infiltration*
Decreased nitrate (NO3’) and ammonium (NHz )8

Landscape

Possible role in post-fire spore dispersal and soil inoculation’

2Garkaklis,
Bradley, and
Wooller (2000)
3Lamont, Ralph,
and Christensen
(1985)
4Garkaklis,
Bradley, and
Wooller (1998)
°Dundas et al.
(2018)
®Reddell, Spain,
and Hopkins
(1997)
’Lamont, Ralph,
and Christensen
(1985)
8Garkaklis,
Bradley, and
Wooller (2003)
9Zosky et al.
(2017)
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Gilbert’s potoroo

Potorous gilbertii

Tasmanian bettong

Bettongia gaimardi

Critically Endangered

(2016)

Near Threatened

(2016)

0 Mycophagism
Fungi forms a minimum of 70% of the diet with little
seasonal variation %3
Spore dissemination

Disperses viable ectomycorrhizal fungal spores in faeces*

24.66 Mycophagism
Feeds on at least 49 recorded fungi species?
Mycophagist all year round?
40-90% of diet is fungi, with highest consumption in Winter®
Females are more mycophagous than males: 1-28% more
fungi present in faeces®
Fungi form the greatest volume of faecal material - highest
consumption in Spring, lowest in Winter’
Soil turnover
0.38-4.57tonnes/ha/individual of soil yearly??
Create up to 3000 diggings/ha®

Create up to 200 diggings per night®

"Nuske et al.
(2017b)
ZNguyen,
Needham, and
Friend (2005)
3Bougher and
Friend (2009)
“Reddell, Spain,
and Hopkins
(1997)

Taylor (1991)
2Eldridge and
James (2009)
3Johnson (1994a)
“Reddell, Spain,
and Hopkins
(1997)

>Munro et al.
(2019)
®Johnson (1994b)
"Taylor (1992)



Northern bettong

Bettongia tropica

Endangered (2016)

Spore dissemination

Disperses viable ectomycorrhizal fungal spores in faeces*
Landscape

Potent influence on maintaining hypogeous fungi species

richness due to diversity of species consumed?

9.97 Mycophagism
Fungi form, on average, 50-60% of diet with individual
consumption ranging from 34-85% *3
23-67% of diet is fungi’
Fungi forms the majority of faecal material content (~35-
65%)°
Spore dissemination
Dispersal of ectomycorrhizal spores via faeces*®
Consumes and disperses a more diverse array of fungal

species than other generalist species in the same habitat*

Wernes,
Castellano, and
Johnson (2001)
’Mcllwee and
Johnson (1998)
*Nuske et al.
(2017h)
*Nuske et al.
(2018)
°Reddell, Spain,
and Hopkins
(1997)
’Johnson and

Mcllwee (1997)
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Rufous bettong
Aepyprymnus

rufescens

Least Concern (2016)

38.12

Mycophagism
9.3% of diet comprised of fungit
84-95% of faecal material contains fungus in Autumn and
Winter?
Scats commonly contain ectomycorrhizal fungi spores®*
Fungus consumed more in the wet season®

Spore dissemination

Disperses ectomycorrhizal spores in faeces?

"Nuske et al.
(2017b)
2Reddell, Spain,
and Hopkins
(1997)

3Vernes Vernes
(2010)
Schlager (1982)
*Mcllwee and

Johnson (1998)
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Table 1.2 A summary of the research conducted on the ecological services provided by rufous bettongs

(Aepyprymnus rufescens)

Citation

Nuske, S. J., K. Vernes, T. W.
May, A. W. Claridge, B. C.
Congdon, A. Krockenberger
and S. E. Abell (2017).
"Redundancy among
mammalian fungal dispersers
and the importance of
declining specialists." Fungal
Ecology 27: 1-13.

Mcllwee, A. P. and C. N.
Johnson (1998). "The
Contribution of Fungus to the
Diets of Three Mycophagous
Marsupials in Eucalyptus
Forests, Revealed by Stable
Isotope Analysis." Functional

Ecology 12(2): 223-231.

Schlager, F. E. (1982). The
Distribution, Status and
Ecology of the Rufous Rat-
Kangaroo, 'Aepyprymnus

rufescens', in Northern New

Sample Size = Location
53 mammal | James Cook
species University,
Queensland
Not North-
specified eastern
Queensland
Variable - Northern
wild and New South
captive Wales
animals
observed

Summary

A meta-analysis to assess the
importance of mammalian fungal
dispersers to gain further
understanding of how the
substantial mammalian losses being
encountered in Australia will affect
plant-fungi interactions and fungal
diversity.

They concluded that fungal
specialists (namely the Potoroidae
family, except Aepyprymnus
rufescens and Bettongia lesueur)
contribute disproportionally more
than other mammals to the dispersal
of fungi in Australia.

Faecal samples were collected from
three mycophagous marsupials to
determine the dietary importance of
fungus compared to other foods.
Faecal composition indicated that A.
rufescens consume more grass and
less fungus than Bettongia tropica.
Less fungus was present in scats
during the dry season versus the
wet. At this time, more roots, tubers
and grass were evident.

This unpublished thesis consists of a
broad range of ecological
observations on distribution and
status, biology, habitat use,

predation and effects of land use
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South Wales. Masters Thesis
University of New England
Vernes, K. (2010). Mycophagy
in a community of
macropodoid species

Macropods: the biology of

kangaroos, wallabies, and rat-

kangaroos. G. Coulson and M.
Eldridge. Victoria
CSIRO Publishing 1.

Reddell, P., A. V. Spain and M.
Hopkins (1997). "Dispersal of
Spores of Mycorrhizal Fungi
in Scats of Native Mammals in
Tropical Forests of North
Eastern Australia." Biotropica
29(2): 184-192.

54 scat North-

samples eastern
New South
Wales

6 scat North-

samples eastern
Queensland

effects on A. rufescens in northern
New South Wales.

Scat samples were collected from six
species of wild and semi-wild
macropods and potoroids to
determine patterns of consumption
among species and seasons. He
found fungi in 84-95% of scat
samples collected from A. rufescens
in autumn and winter. There was a
high diversity of fungal spores found
in faeces.*

They collected samples from 17
mammal species to assess the
presence of fungal spores. Of the
samples collected from A. rufescens,
three out of six samples contained
arbuscular mycorrhizal fungi spores,
and five out of six samples contained

ectomycorrhizal fungi spores.*

(*) indicates when a summary of findings is only provided for A. rufescens specific results
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Discussion

Australia’s Potoroidae family has eight extant species, with many former species now extinct.
Evidently, potoroids provide numerous ecosystem services, but the extent of their ecosystem
engineering is understood to differing degrees, depending on the species (Table 1.1). Some of the
difficulty in furthering this knowledge resides in the fact that all but one species, the rufous bettong
(Aepyprymnus rufescens), are listed by the International Union for Conservation of Nature (IUCN) as a
conservation concern (Table 1.1). This ranges from the Critically Endangered status of the Brush-tailed
bettong (Bettongia penicillata) and Gilbert’s potoroo (Potorous gilbertii), to the Near Threatened
status of Long-nosed potoroo (Potorous tridactylus), Burrowing bettong (Bettongia lesueur), and
Tasmanian bettong (Bettongia gaimardi). Hence, many of their distributions are very isolated in the
wild, or non-existent without human intervention in the form of predator-proof sanctuaries, and this

influences the extent of research that can be conducted (Anson 2018; Short & Turner 2000).

To date, research illustrates that in addition to roots, tubers, plant components and insects (Taylor
1992; Seebeck & Rose 1989; Schlager 1981; Claridge et al 1993; Bennett & Baxter 1989), all potoroids
consume fungus, albeit differing quantities, with some showing a greater dependency on fungi as a
primary food source (Table 1.1). For example, fungi makes up over 80% of the diet of long-footed
potoroo (Potorous longipes) (Nuske et al. 2017b; Green et al. 1999; Claridge, Tanton, and
Cunningham 1993), while it can make up as little as 9.3% of the diet of the rufous bettong depending
on the time of year (Nuske et al. 2017b)(Table 1.1). This means that all species, to some extent, move
soil in the landscape (biopedturbation) and hence can be classified as ecosystem engineers. However,
at the time of this review, the extent of biopedturbation, in terms of the amount of soil moved, has
only been quantified for four species, namely the long-nosed potoroo, burrowing bettong, brush-
tailed bettong and Tasmanian bettong (Table 1.1). There is a disparity in the amount of literature, and
thus the degree of biological and ecological understanding of the Potoroidae family. Some species,
such as the burrowing bettong and Tasmanian bettong have been researched more extensively (Table

1.1), while other species, such as the rufous bettong are less understood.

Although it is the most abundant potoroid, surprisingly little is known about the rufous bettong. At
the time of this review, there was a distinct lack of literature describing the ecology of, and ecosystem
services provided by the species (Table 1.2). Given what we know about the fate of most species
within the family Potoroidae, it is concerning how little we know about the most abundant extant

species within this family.

Based on recorded ALA sighting data, my review of habitat selection by family Potoroidae revealed

that rufous bettongs have the highest proportion of habitat overlapping grazing land of all potoroid
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species (Table 1.1). Given that agricultural land is typically a strong contributor to faunal declines
(including bettongs) it is surprising that rufous bettongs seem resistant to this pressure (Beeton et al.
2006; Nash, Jackson, and Whitford 2003; Tabeni and Ojeda 2003; Thrash 1998; Whitford, Rapport,
and deSoyza 1999). Rufous bettongs are the largest of the potoroids, which may reduce its
vulnerability to predation, a significant cause of decline in other species (Dennis and Johnson 2008;
Doherty et al. 2016). Studies also indicate that they have a variable dependence on fungi as a food
source, with estimates ranging from 9-95% fungi consumption throughout the year (Nuske et al.
2017b; Vernes 2010)(Table 1.1). Perhaps a more generalist diet, one that incorporates more than just
fungi, promotes resilience. Again, given what we know about the fate of most species within the
family Potoroidae, it is concerning how little we understand about the rufous bettong, and what

factors enable it to maintain a relatively stable population.

As a digging mammal, the rufous bettong, like other potoroids, is a source of biopedturbation within
the landscape (Nuske et al. 2017b). Currently, the loss and destruction of biodiversity directly affects
agricultural productivity (Cocklin and Dibden 2009). It is suggested that the decline in Australia’s
ecosystem engineering species, especially digging mammals, could be a contributing factor which has
led to the deterioration and reduced productivity of Australia’s semi-arid and arid rangelands on
which most of the nation’s cattle production occurs (Eldridge and James 2009; Fleming et al. 2014;
Dundas et al. 2018). Research suggests that ecosystem engineers not only play a pivotal role in
maintaining landscape health and functioning, particularly in arid and semi-arid regions (Whitford and

Kay 1999; Eldridge and James 2009), but they can also enhance productivity (Wright and Jones 2004).

With the increasing awareness of the importance of biodiverse ecosystems to agricultural productivity
due to the abundance of species they support and the beneficial ecosystem services they provide
(Gordon, Prins, and Squire 2017; Jhariya, Meena, and Banerjee 2021; Macdonald and Feber 2015;
Gretton and Salma 1996; Filazzola et al. 2020; Woinarski, Burbidge, and Harrison 2015; Machovina,
Feeley, and Ripple 2015; Tuomisto et al. 2015), and based on the findings of this review (Table 1.1), it
is apparent that digging mammals provide a range of beneficial ecosystem services to the landscapes
they inhabit. Therefore, to prevent further deterioration of Australia’s rangelands, and further
productivity declines, management of these grazing systems should aim to support biodiversity, and
species that provide valuable ecosystem services to these landscapes (Eldridge, Delgado-Baquerizo, et
al. 2016). If populations of ecosystem engineers are supported on rangelands, then there is
opportunity for industry to counteract the negative effects of grazing, and improve production
(Halstead et al. 2019; Neilly and Schwarzkopf 2018). Furthermore, we could also see the cattle
production industry mitigate its environmental impact, and in turn help achieve improved outcomes

for biodiversity conservation.
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Given what we understand about the fate of the Potoroidae family and their population and habitat
range attrition since the commencement of agriculture in the 1700’s (Figure 1.1), it is imperative that
we take advantage of the last remaining, ‘low conservation concern’ potoroid. We need to better
understand rufous bettongs and their role within rangeland systems so we can implement
appropriate conservation and land management practices to preserve them and the beneficial
services they provide, on these landscapes. My research demonstrates that although they are the
most abundant and widespread potoroid (Seebeck and Rose 1989), surprisingly little is known about
rufous bettongs, and the extent to which they ‘engineer’ the ecosystems they inhabit, and this needs
be addressed (Table 1.1, Table 1.2). Rufous bettongs have experienced some decline (Schlager 1982;
Short 1998), particularly in New South Wales, where they are now listed at the state level as
threatened (Heritage 2018). Therefore, time is critical, and developing a better understanding of how
they persist in agriculture, one of the biggest threats to biodiversity, while remaining the most
abundant bettong species in Australia could help prevent future population declines or extinction of
yet another ecosystem engineer, and loss of their valuable ecosystem services. As pointed out by
Crain & Bertness (2006), making ecosystem engineers a conservation target is particularly beneficial,
because through the conservation of a singular ecosystem engineer, such as the rufous bettong, we
can positively influence entire ecological communities, due to the broad scale benefits engineers have

on their surrounding environment.

We know that sustainable grazing, and utilising more moderate stocking rates is conducive to better
environmental outcomes (Gordon, Prins, and Squire 2017; Jhariya, Meena, and Banerjee 2021;
Macdonald and Feber 2015; Gretton and Salma 1996; Filazzola et al. 2020; Woinarski, Burbidge, and
Harrison 2015; Machovina, Feeley, and Ripple 2015; Tuomisto et al. 2015). Furthermore, there is
mounting evidence to suggest that these lower intensity grazing strategies better support ecosystem
engineers including goannas, echidnas and the rufous bettong (Neilly and Schwarzkopf 2018; Eldridge
et al. 2012). Therefore, in summary, | suggest that further research be dedicated to understanding
rufous bettong ecology i.e. nesting behaviour, foraging behaviour and movement patterns across a
range of grazing strategies. Furthermore, quantifying the amount of soil they move and when, would
help to clarify the ecosystem services provided by the rufous bettong in grazing systems and highlight
their value to these systems and broader ecosystem health, and thus productivity of landscape. If we
can better understand the effect of different grazing land management strategies on rufous bettongs,
then we can ascertain how we can best support and harness the services provided by these native
ecosystem engineers. If we can better support nature, and the services it provides, we might be able
to support and improve biodiversity and cattle production outcomes, simultaneously (Wright and

Jones 2004).
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Conclusion

This literature review highlights an opportunity we have to learn more about the ecosystem services
provided by digging mammals using an abundant ecosystem engineer, the rufous bettong as a case
study. Furthermore, we can investigate how the rufous bettong utilises grazing land of which a
considerable amount of its habitat overlaps, and this could help target conservation efforts to prevent
future population declines of this and other species in these landscapes. Further research on the
ecology of rufous bettongs and the factors affecting their distribution and population size, especially
on agricultural land, typically antagonistic to many species, would aid in the conservation of bettongs,

potoroos and other ecosystem engineers.

Furthermore, with the impending expansion or intensification of agriculture in response to increasing
global demands, it critical that we address how to manage agriculture, without further impacting
biodiversity. | suggest that ecosystem engineers, such as the rufous bettong, who help to improve
ecosystem health and functioning, could be a catalyst for change in the agricultural sector. By
supporting such species, agricultural industries, such as grazing, could see improved productivity and
profitability, which would help meet increasing consumer demands. They would also be
simultaneously maintaining, if not improving biodiversity outcomes and thus help to mitigate the
environmental impact of the industry. This would benefit the range of stakeholders involved and
could see Australia recognised for its innovative, integrative approach to livestock production rather

than its high rate of mammalian extinctions.
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Chapter 2 Rufous bettong shelter site use, composition and
importance in grazing systems

Introduction

Without adequate shelter, the threat of extreme weather, predators and competitors can be lethal to
animals (MacGregor, Cunningham, and Lindenmayer 2015). Shelter sites, places that protect an
organism from predators, weather, or both (Rutledge et al. 2022), can take many forms depending on
the species, its habitat, and the climatic conditions specific to where it lives. Some animals use
existing structures as shelter, such as logs, tree hollows and caves (Gibbons and Lindenmayer 2002;
Cockle, Martin, and Weso towski 2011; Wilkinson, Grigg, and Beard 1998), others create shelters like

burrows and nests (Burbidge 1983; Haussmann 2017) and some animals do both.

Protection from the elements is particularly important for small- to medium-sized mammals, who
compared to larger mammals have higher surface-to-volume ratios, higher metabolic rates, produce
more heat per gram of tissue, and require more water to effectively cool down via evapotranspiration
(Schmidt-Nielsen and Schmidt-Nielsen 1952; Fuller et al. 2021; MacGregor, Cunningham, and
Lindenmayer 2015). If physiological adaptations such as evaporative cooling cannot reduce core body
temperature, and shelter is unavailable, the risk of mortality greatly increases in smaller species
(Mitchell et al. 2018; Fuller et al. 2021). Because maintaining core body temperature in unfavourable
conditions is energetically expensive for mammals, finding and using appropriate shelter sites can be
a far more efficient use of energy, and thus a more advantageous strategy to manage exposure to
heat, cold, wind, or rain, compared to increasing metabolic rate (Poole et al. 2015). Thus,
understanding shelter site use is critical to understanding the small mammals success in various

environments.

The difficulty with relying on shelter as a mechanism to manage body temperature, is its availability.
Finding suitable shelter can be difficult for a range of reasons, such as scarcity or unavailability of
shelter materials, often resulting from anthropogenic causes such as land clearing or climate change.
For example, tree hollows required for nesting and shelter are becoming increasingly rare due to
logging and land clearing, which poses a significant ecosystem threat (Gibbons and Lindenmayer
2002; Lindenmayer, Laurance, and Franklin 2012). Similarly, changes to land use, for agriculture,
urban development, and forestry, alter natural ecosystems and can inhibit, destroy or hinder access
to adequate shelter sites for wildlife (Theobald, Miller, and Hobbs 1997; Davies et al. 2010; Goldie and
Betts 2014; Tilman and Clark 2015). Arguably, agriculture is the most important of such disturbances,

as it covers the largest land area worldwide (Ritchie and Roser 2013). Often, land is cleared or
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managed to maximise productivity, rather than for sustainable environmental outcomes, thus,
decreasing biodiversity and reducing ecosystem function (Tilman and Clark 2015; O'Reagain et al.
2009; Eldridge, Delgado-Baquerizo, et al. 2016; Neilly and Schwarzkopf 2017). However, some shelter-
building small mammal species manage to exist within agricultural systems (Neilly and Schwarzkopf
2018). Understanding the factors allowing native species to persist in agricultural landscapes is

important for promotion of sustainable land management in this industry.

Rufous bettongs (Aepyprymnus rufescens) belong to the family Potoroidae, and are the only species in
this group not listed by the International Union for Conservation of Nature (IUCN) as a conservation
concern. Rufous bettongs are nocturnal, and build shelters made from grass, or use existing
structures such as hollow logs as shelter during the day (Johnson 1980a; Schlager 1982). These
shelters are likely critical to their survival, but little is known about their shelter materials or
characteristics, particularly in northern Australian rangelands. Importantly, rufous bettongs occupy
more agricultural land than any other potoroid and other studies have found that rufous bettongs
were least abundant in areas of high cattle utilisation, suggesting that high cattle density may
compromise access to resources, or ability to make shelters (Neilly and Schwarzkopf 2017). Therefore,
the impact of agriculture on shelter use and availability could play a pivotal role in their success or
demise in this landscape in the future, particular amidst the possible expansion or intensification of
agriculture in response to increasing consumer demands (McAlpine et al. 2009; MLA 2022; Lanz,

Dietz, and Swanson 2018; Godfray and Garnett 2014).

To determine the factors allowing native mammals and agriculture to co-occur, and to inform future
land management strategies, | examined the characteristics of rufous bettong shelter sites and their
capacity to act as thermal buffers in an experimental agricultural system. | predicted that shelter sites
would act to buffer ambient temperatures. | also quantified shelter site selection and composition in
relation to randomly selected sites across five different grazing strategies. | predicted that rufous
bettong shelter sites would more commonly occur in areas utilising moderate grazing strategies,

where cattle densities were lowest.

Methods

Study Site

This study was conducted on a Queensland Department of Agriculture and Fisheries grazing research
trial at Wambiana Cattle Station, located approximately 70km southwest of Charters Towers. This

savanna woodland is characterised by a prominent wet and dry season. There are five different
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grazing strategies trialed on site (Table 2.1), two replicates of each strategy across 10 paddocks

ranging in size from 97-117ha (Figure 2.1).

Table 2.1 Wambiana grazing trial stocking rates

Grazing strategy Number of hectares (ha) per animal equivalent (AE*)
Heavy stocking rate (HSR) 4 ha/AE

Moderate stocking rate (MSR) 8 ha/AE

Rotational Spelling (R.Spell) 8 ha/AE rotated among 6 sub paddocks

Flexible + Wet Season Spelling (Flex.S) 4-12 ha/AE rotated among 6 sub paddocks

Flexible (no spelling) (Flex) 4-12 ha/AE

*Animal equivalents (AEs) = 450kg steer (O'Reagain et al. 2018)

There are two dominant vegetation types at the site: Reid River Box (Eucalyptus brownii) and Silver-
leaf Ironbark (Eucalyptus melanophloia), with an additional narrow band of Brigalow (Acacia
harpophylla) extending across the trial, separating the two dominant vegetation types. The trial
paddocks are designed so that there are equal areas of each vegetation type in each paddock

(O'Reagain et al. 2018))(Figure 2.1).

Wambiana Grazing Trial —— 2

Treatment Abbreviations

R/Spell: Rotational spelling

MSR:  Moderate stocking rate
_____ HSR:  Heavy Stocking rate

Flex: Flexible stocking

Flex+S: Flexible stocking + spelling
Ex: Exclosure

= = = Subdivision fence
® Trough
Paddock Boundaries
Box Landtype

Il srioalow Landtype
Ironbark Landtype
P Paddock number

Ironbark landtype: 25%

Figure 2.1 Vegetation types and paddocks within the Wambiana grazing trial (O'Reagain and Bushell 2015).
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Landscape-scale shelter site selection

The locations of diurnal shelter sites were collected by attaching LiteTrack 40 VHF radio-tracking
collars (Lotek NZ Ltd) to 15 rufous bettongs (6 males, 9 females). To attach the transmitters,
individuals were captured using cage traps baited with standard bait (balls of peanut butter, oats and
vanilla essence). Collared individuals were tracked using a three-element Yagi antenna and a
Telonics™ R-1000 telemetry receiver between January 2020 and May 2021. Animals were relocated
during the day 1-2 times per fortnight to identify diurnal shelter sites. Once an animal was located, a

waypoint was recorded on a handheld Garmin GPS.

Statistical analysis

To assess whether bettong shelter sites occurred in each grazing strategy in proportion to their
availability, or if there were preferences for, or avoidance of, any of the grazing strategies | used a
WIDESI Manly selectivity measure using the R package ‘AdehabitatHS’ (Version 0.3.15; Calenge 2011).
| chose the WIDES Type | selectivity analysis model to assess shelter site selection because | wanted to
investigate the effect of grazing strategy at a population level, rather than an individual level (which
are WIDES type Il or Ill analyses). In the model, | used the GPS waypoints from each individual shelter
site as the ‘used’ habitat data, and | used a QGIS random point generator tool to generate an equal

number of random points, within a defined habitat range, as the ‘available’ data in the model.

Fine-scale shelter site selection

A habitat assessment was conducted at each shelter site. The proportions of fine woody debris
(FWD), bare-ground (BG), grass (G), leaf-litter (LL), shrubs or saplings (Sap.shrub), Carissa Ovata shrub
(C. ovata), log, tree, and termite mound within a 0.5 x 0.5m quadrat were recorded. To assess canopy
cover, | took a photo approximately 1 m above the shelter site with the camera facing upwards at the
sky, and used this image to determine the proportion of canopy cover. A paired random location, 50
m from the shelter in a randomly generated direction, was also assessed using the same methods. All

random sample sites were within the grazing trial study site.

Statistical Analysis

To assess the pairwise dissimilarity between diurnal shelter sites and random sites, | created a non-
metric multi-dimensional (NMDS) ordination plot. The ordination plot, created using the ‘Vegan’
package in R (v2.5-7; Oksanen et al, 2020), is based on the Bray-Curtis dissimilarity matrix and shows

the vegetation composition among sample sites. | used a multivariate analyses of variance (MANOVA,
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R Core Team, 2019) to test whether there was a significant difference between the composition of
shelter sites and random sites, and also whether shelter site composition varied significantly between
seasons. | used the proportions of fine-scale habitat features recorded (e.g., leaf litter, bare-ground,
grass etc.) as the response variables in the model, and location (shelter sites and random sites), or

season as grouping variables.

Shelter Site Temperature

Shelter site temperatures were recorded using Thermochron™ iButtons, programmed to record
temperatures hourly, before being sealed in a waterproof wax coating. Each iButton was deployed in
a small calico bag placed within a shelter, or at a random point outside the shelter, but withina 2m
radius. All iButtons were secured to the ground using an aluminum garden peg placed through the
calico bag and into the ground. A total of 40 iButtons (20 in shelters and 20 at a random point outside
the shelter) were deployed in both the dry season (July-October) of 2020, and the wet season
(December — March) of 2020-2021.

Statistical analysis

To account for the large dataset and high degree of variation among recorded temperatures across
my study site, | firstly determined the coefficient of variation (CV) for the mean daily temperatures at
shelter and random sites. | used this as my response variable in a linear mixed effect model to
determine if there was a significant difference in the mean temperature CV between locations
(shelter site or random site), between periods (day or night) in shelter and random sites, between
seasons (wet and dry) in shelter and random sites, and among sampled months in shelter and random
sites. The linear mixed effects models were created in R using the ‘Ime4’ package (v1.1-26; Bates et
al., 2015) and significance assessed using the anova function and type Il sum of squares, in the ‘car’
package (v3.1-0; Fox and Weisberg, 2019)(Fox and Weisberg 2019). In the model, location, season
and period were fixed effects, and month was a crossed random effect. | also accounted for the
paired design of this study by giving each pair of iButtons (consisting of one in a shelter site and one in
a random site) a unique identification code and making this identification code a crossed, random

factor in the model.
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Results

Shelter site selection

Rufous bettong shelter sites were comprised of a shallow pit, excavated by the animal, approximately
10-20 cm deep and approximately 30 cm in diameter (pers. obs.). These pits were covered by a thick
layer of grass, collected by the animal in its prehensile tail (Schlager 1982; Southgate 1980; pers. obs.)
which acted like a ‘lid’ on top of the pit and enclosed the shelter site (Figure 2.2). | found rufous
bettongs had a network of shelters between which an animal would move, and sometimes reuse
weeks later. Nests only contained one animal, except in the case of one female and joey who shared a

shelter for the duration of my study (pers. obs.)(Johnson 1980b).

Figure 2.2 Example of a rufous bettong nest found at Wambiana Station study site (Photograph: Natasha Ryan).

Landscape-scale shelter site selection

Animals were tracked for an average of 168 days (22 — 429 days, min-max). There was no statistically
significant effect of grazing strategy on the selection of shelter sites by rufous bettongs at my study
site. However, there was a trend for bettongs to utilise the rotational spelling (R.SPELL) grazing
strategy more than would be expected by chance (Figure 2.3). The flexible (FLEX), moderate (MSR),
and flexible with spelling (FLEX.S) grazing strategies were used approximately as much as would be
expected by chance, and the heavily grazed (HSR) paddocks were used less than would be expected
by chance (Figure 2.3). The heavily grazed paddock had the greatest disparity between use and

availability, indicating a trend towards avoidance of this paddock (Figure 2.3).
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Figure 2.3 Proportion of area ‘used’ by rufous bettongs for shelter sites, versus the proportion of area ‘available’ to them at a
grazing strategy level: rotational spelling (R.SPELL), flexible stocking rate without spelling (FLEX), flexible stocking rate with
wet season spelling (FLEX.S), moderate (MSR), heavy (HSR).

Fine-scale shelter site selection

In 2021-2022, 170 shelter sites and 316 random sites were surveyed over the wet and dry seasons.
The structural composition of shelter sites was significantly different from random sites (MANOVA;
F10,360 = 38, p < 0.0001). Shelter sites were most commonly characterised by a high proportion of C.
ovata, while random sites had a lower proportion of C.ovata, but higher proportions of bare-ground,
grass and leaf litter (Figure 2.4). There was no significant difference in tree canopy cover between

shelter and random sites (Figure 2.4).

Rufous bettong shelters did not occur exclusively in Carissa ovata, they also occurred in, or directly
beside logs, termite mounds, and thick grass. Shelter site composition varied significantly between
the wet and dry season (MANQVA; Fig,157 = 3.55, p < 0.0003), where bettongs used termite mounds

and logs more commonly in the wet season, and C. ovata more in the dry season (Figure 2.5).
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Figure 2.4 Vegetation composition among shelter sites and random sample sites. 'Shelter' sites (orange) represent sites that
were used by bettongs and 'random’ sites (green) represent random points used to identify the distribution of available fine-

scale habitat components. The Bray Curtis stress estimate was 0.13 representing a good fit (Dugard, Todman, and Staines

2010).
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Figure 2.5 Vegetation composition of rufous bettong shelter sites in the wet season (green), and dry season (orange). The

Bray Curtis stress estimate was 0.13 representing a good fit (Dugard, Todman, and Staines 2010).

Shelter site temperatures

During the 2020 dry season (July — October) 20,480 environmental temperatures were collected from
shelter sites and 16,384 temperatures from random sites. During the wet season (December 2020 —
February 2021) 16,002 environmental temperatures were recorded in shelter sites and 16,000
temperatures from random sites. The mean temperature within nests ranged from 22.2°C—29.6°C,
while for random sites a greater variability was observed, with temperatures ranging from 21.6°C -
31.6°C, over a 24hr period within both wet and dry seasons (Figure 2.6). The average hourly
temperature recorded over a 24hr period also showed that temperatures within nests were less
variable than the temperatures recorded at random sites, this was particularly evident for the hours

leading up to and proceeding midday (Figure 2.7).
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Figure 2.6 Temperature (C°) recorded in random (orange) shelter sites (blue) during day and night periods, across the wet and

dry season, with means outlined {(.).
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Figure 2.7 Average temperature range over a 24hr period at shelter sites and random sites each sampled month, with the

approximate mean core temperature of rufous bettongs (36-38°C) outlined (Riibsamen, Hume, and Riibsamen 1983

Overall, the temperature coefficient of variation (here forth referred to as ‘temperature variation’)
differed significantly between random and shelter sites (ANOVA; F1 3735 = 4576; P< 0.0001)(Figure 2.8).
There were also significant differences found between the day and night time recorded variation in
temperatures (ANOVA; Fy 3730=211; P < 0.0001) (Figure 2.8). Season (wet or dry) also had a significant
effect on temperature variation (F1,157=20.6; P = 0.0003). Notably, the dry season had significantly
higher and more variable day time temperatures at random sites both day and night (Figure 2.8).

Overall, the wet season had less temperature variability, particularly so at shelter sites (Figure 2.8).
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Figure 2.8 Coefficient of variation for daily mean temperatures at random (orange) and shelter (blue) sites, day and night

over the wet and dry season of 2020 and 2021.

Lastly, | also found a significant effect of month on recorded temperature variation (Fg 167 = 30;
P<0.001). The sampled months of July, August, September, October and December had significantly

greater temperature variation than those recorded in January and February (Figure 2.9).
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Figure 2.9 Coefficient of variation for daily mean temperatures at random (orange) and shelter (blue) sites over seven

sampled months (July-October 2020; December 2020-February 2021).

Discussion

TR
| o

| predicted that rufous bettong shelter sites would more commonly occur in areas utilising moderate

grazing strategies, where cattle densities were lowest. However, | found that grazing strategy did not

affect shelter site selection significantly at my study site, although there was a trend for bettongs to

select sites most often in the rotational spelling grazing strategy, and to avoid sheltering in the heavy

grazing strategy. Conversely, | did find strongly significant differences in the composition of shelter

sites compared to randomly selected sites, suggesting that rufous bettongs require specific shelter

site characteristics and prefer shrubs as shelters. | also found differences in shelter site characteristics

between the wet and dry seasons, indicating that bettongs use available shelters, such as hollow logs

more frequently in the wet season. Finally, | found that, compared to randomly chosen sites, bettong

shelters provided significant buffering from daily and monthly temperature extremes, suggesting that

the shelters are critical to a medium-sized mammal living in a hot terrestrial environment.
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Landscape-scale shelter site selection

The Wambiana grazing trial consists of a series of adjacent 97-117 ha paddocks subjected to different
grazing strategies. In this study, individual rufous bettong movements encompassed at least two or
three strategies, suggesting that they could easily move from one paddock type to another. Thus,
from the point of view of a bettong, the trial is a mosaic of various grazing intensities. The use of
various paddocks and strategies might be due to the ‘good’ conditions during which my study was
conducted. Previous studies at the Wambiana grazing trial have found that rufous bettongs avoided
the heavy grazing strategies (Neilly and Schwarzkopf 2017), however, those studies were undertaken
during drought years (O'Reagain et al. 2018) during which there is a more distinct, and stark contrast
between the land condition of the various grazing strategies. | did find a trend for bettongs to prefer
sheltering in the rotational spelling paddock, while avoiding the heavily grazed paddocks, however,
these trends were not statistically significant. Again, perhaps strong avoidance of certain grazing
strategies was masked by the favourable climatic conditions, and replication of this study during
periods of drought might yield different results. Alternatively, the lack of statistical significance could
have been caused by a small sample size, i.e., | did not have the statistical power to detect weak
influences. Further research, in which more detailed, daily movements and habitat use data could be
recorded over a longer period, would help to better determine whether rufous bettongs avoid heavily
grazed areas or areas with characteristics typical of heavy grazing. A more in-depth study could also
help to identify whether there are seasonal differences in habitat selection, and more specifically,
how rufous bettongs respond to climate variability and the effect of drought, as this is factor
potentially influencing their shelter site selection, and overall habitat selection. In addition, further
detailed research could provide insight into the reuse of shelter sites in different grazing treatments,
and the fitness of animals using shelter sites exposed to different grazing intensities. This would shed

further light on the shelter site requirements of rufous bettongs in relation to grazing strategy.

Fine-scale shelter site selection

My research found that rufous bettongs selected habitat with a high proportion of the shrub Carissa
ovata (C. ovata). This native shrub has leathery leaves and thorny stems and often forms dense
thickets that can be several metres tall and wide (Department of Agriculture and Fisheries 2020).
These thickets are nearly impenetrable, making them excellent refuge for small mammals, such
rufous bettongs (Poole et al. 2015; Fisher 2000; Christensen and Leftwich 1980). It is likely that C.
ovata is preferred because it provides concealment and protection from predators that occur at my

site, including dingoes, wild dogs and cats (Fisher 2000; Day and Elwood 1999). Similarly, sheltering
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within C. ovata protects bettongs from trampling by cattle. Previous studies have also identified cattle

trampling as a likely factor influencing habitat selection (Neilly and Schwarzkopf 2018).

| found that bettongs were more likely to use C. ovata as shelter in the dry season. At the end of the
dry season in 2020 and 2021, pasture yields across the different paddocks were on average 201 kg/ha
and 397 kg/ha, respectively, compared to the 2020 and 2021 post-wet season averages of 639 kg/ha
and 774 kg/ha. These reduced pasture yields following the dry season, in conjunction with continued
consumption by cattle, reduces grass availability. Because rufous bettongs rely on grass to form their
shelters (Johnson 1980b; Schlager 1982), reduced grass availability following the dry season possibly
leads to an increased reliance on C. ovata to form adequate shelter. Other studies have also found
that shelter site selection is dependent on the availability of natural cover and suitable shelter-making

materials (Schlager 1982).

Using C. ovata as shelter in the dry season may also help reduce daily energy expenditure by reducing
time spent searching for sufficient nesting materials, particularly so when there is reduced grass
availability. At my study site, C. ovata was the dominant shrub species, so | could not determine
whether rufous bettongs were obligate or opportunistic users of the shrub. Other studies have found
shrubs to be a preferred shelter site for some small mammals, such as quokkas and wallabies (Poole
et al. 2015; Fisher 2000). Determining whether C. ovata specifically is an obligate or opportunistic

choice, would provide valuable insight into rufous bettong shelter site selection.

In addition to C. ovata, termite mounds and logs were also used as shelter, especially during the wet
season. | postulate that the increased use of solid structures in the wet season might mitigate the
threat of shelter site flooding and displacement during torrential wet season rains and possibly

mitigate the severity of the summer temperatures.

Shelter site temperatures

| predicted that internal shelter site temperatures would be milder than ambient temperatures. |
found that the temperatures recorded within shelters were less variable and less extreme than, and
differed significantly from, ambient temperatures. Therefore, it is clear that shelters provide a buffer
against daily temperature extremes, and do so throughout year, as | found a significant difference

between shelter site and ambient temperature variation among months and between seasons.

| found that the highest temperature variation recorded in this study occurred in the hours leading up
to and immediately following midday. Importantly, the temperature variation at this time, was far
lower in shelter sites than at random sites. As the rufous bettong is a nocturnal species, spending

most of its time within its shelter during the day, this finding illustrates how important these shelters
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are for refugia and survival of rufous bettongs. These findings align with other studies which also
suggest that variation in shelter site temperatures differs significantly from external landscape
temperatures and thus provide wildlife valuable refuge from potentially lethal temperature extremes
(Hovick et al. 2014; Christensen and Leftwich 1980; Isaac, De Gabriel, and Goodman 2008; Kerth,
Weissmann, and Konig 2001; Kay and Whitford 1978).

| postulate that the extremes in temperature variation | recorded during the dry season could be
associated with the fine-scale habitat composition of shelters during this time. | found that the
greatest temperature variability occurred during the dry season which also coincides with the period
of lowest grass availability (P. O’Reagain, personal communications, 12 December 2022). At this time,
shelters could have been formed with less grass, due to its reduced availability, resulting in a thinner
grass ‘lid” and thus less insulation and protection from ambient temperatures compared to wet
season shelters made from more grass. Additionally, during the dry season, | found greater use of C.
ovata, with reduced usage of logs, termite mounds and other solid structures. | had insufficient data
to properly understand the thermal protection provided by C. ovata, but it is thought to be minimal
compared to these other solid structures, which are more commonly used in the wet season.
Therefore, use of C. ovata during the dry season may result in shelter site temperatures more closely
resembling the highly variable temperatures outside the shelter. Conversely, the slightly increased
usage of logs in the wet season could be the reason for the lower temperature variability recorded
during this time. Logs are thicker, and sheltering within them minimises the influence of direct
sunlight and soil surface temperatures on shelter site temperature. Further investigation into the
thermal protection provided by selected fine-scale habitat components in my study would be of value

for ongoing conservation and management of rufous bettong habitat.

Conclusion

This study provides new insight into shelter use by rufous bettongs in agricultural systems. Learning
more about rufous bettong habitat use has enhanced our understanding of the elements essential for
their survival, and potentially that of other species too. This study highlights the importance of
understanding and considering what shelter sites provide to an animal (i.e. thermal protection etc.). It
is also important to acknowledge that what a shelter site provides to an animal may be very specific
and unique to the particular habitat it occupies and the climate and weather conditions at that
location. As such, at a time in which land needs to support a growing human population and
biodiversity concurrently, whilst also facing the challenges of an increasingly unpredictable climate;
conservation efforts need to be adaptable and account for existing, site-specific challenges. Whether

it be the influence of grazing animals, fire, drought, domestic animals or human land use; we need to

35



improve our knowledge of how humans and wildlife can coexist across a range of landscapes and land
uses. This starts with developing a much greater ecological understanding of the wildlife occupying
land used extensively for anthropogenic uses. It is this knowledge that will help shape and improve

conservation efforts in the future.
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Chapter 3 - Rufous bettong digging and its benefit to grazing systems

Introduction

The area of earth occupied by agricultural land, including rangelands, is set to expand by over 1
million km? by 2050 in response to increasing global wealth and population size (Tuomisto et al. 2015;
Jantz et al. 2015; Lanz, Dietz, and Swanson 2018). This expansion comes at a time when there is more
emphasis on and effort dedicated to counteracting the negative effects of agriculture, and preserving
biodiversity. Agriculture, and more specifically, rangelands are one of the biggest contributors to
global biodiversity declines (Tilman and Clark 2015; Macdonald and Feber 2015). Rangelands are
places where anthropogenic land use, primarily livestock grazing, occurs on long-existing, natural
ecosystems typically supporting a plethora of wildlife (Neilly 2017). Depending on a species’ biology
and ecological requirements, their responses to land use change vary, but for most animals,
rangelands have resulted in population declines (Buesching et al. 2015; Beeton et al. 2006; Cocklin
and Dibden 2009) therefore, how these landscapes are managed is more critical than ever before
(Gordon, Prins, and Squire 2017; Jhariya, Meena, and Banerjee 2021). This is in part due to the
growing awareness of the impacts of agriculture on biodiversity, but also expanding knowledge
suggesting that healthy and biodiverse ecosystems can enhance agricultural outputs, especially for
agriculture in natural systems such as rangelands (Gordon, Prins, and Squire 2017; Jhariya, Meena,
and Banerjee 2021; Macdonald and Feber 2015; Gretton and Salma 1996; Filazzola et al. 2020;

Woinarski, Burbidge, and Harrison 2015; Machovina, Feeley, and Ripple 2015; Tuomisto et al. 2015).

Biodiverse ecosystems support a myriad of species that perform a range of ecosystem services
(Hooper 2005; Tilman and Clark 2015; Romero et al. 2015). For example, digging mammals, through
their natural behaviour, contribute to increased soil turnover, seed capture and successful
germination of grasses, reduced water runoff and erosion, increased water infiltration, and increased
soil turnover which increases microbial activity and organic matter breakdown (Valentine et al. 2017;
Dundas et al. 2018; Whitford and Kay 1999; Eldridge and James 2009; Fleming et al. 2014).
Furthermore, digging mammals also play a crucial role in the dispersal of belowground fungal bodies,
which are almost solely reliant on spore dispersal by vertebrates who excavate, eat and then
disseminate the spores in their faeces (Claridge and May 1994; Fogel and Trappe 1978; Claridge 2002;
Vernes 2007; Vernes 2010; Malajczuk, Trappe, and Molina 1987; Nuske et al. 2017b). These fungal
bodies commonly form symbiotic relationships with eucalyptus trees, which help to support the
health of the ecosystem amidst the challenges of low moisture and nutrient-poor soils (Danks et al.

2020; Malajczuk, Dell, and Bougher 1987; Dundas et al. 2018; Claridge 2002; Horton et al. 2013).
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The extensive range of ecosystem services provided by digging mammals are particularly important in
arid or semi-arid regions where water and soil nutrients are scarce resources (Eldridge and James
2009; James, Eldridge, and Hill 2009; Eldridge and Whitford 2009; Romero et al. 2015). In Australia,
these regions are predominately used for livestock grazing (McKeon et al. 2009; ABS 2018); a land use
that further compounds the detrimental effects of low rainfall, extreme temperatures and nutrient-
poor soils, by causing increased soil compaction and erosion (Claridge 2002; Eldridge and James 2009;
Orians and Milewski 2007). Livestock grazing systems are also a major contributing factor to species
decline in Australia and abroad (Filazzola et al. 2020; Woinarski, Burbidge, and Harrison 2015;

Machovina, Feeley, and Ripple 2015).

One particular digging mammal, the rufous bettong (Aepyprymnus rufescens), inhabits rangelands
more than any other species within its family: Potoroidae, while also remaining a species of least
conversation concern (Chapter 1) (IUCN 2023). How rufous bettongs successfully use, and survive
within extensive grazing systems is still poorly understood (Chapter 1). My research suggests that
rufous bettongs prefer to shelter in paddocks using more sustainable grazing strategies i.e., rotational
grazing (R.Spell), rather than those that were heavily grazed (Chapter 2). Similarly, Neilly and
Schwarzkopf (2017) found that rufous bettongs were negatively affected by heavy grazing in
particular vegetation types. However, it remains unclear exactly how rufous bettongs survive within
agricultural systems. We know that they respond to, and therefore might be affected by, different
management strategies, but we are yet to fully understand this dynamic. As a likely ecosystem
engineer, due to the incidental benefits of digging for food; including fungi, roots and tubers (Vernes
2010; Mcllwee and Johnson 1998; Schlager 1982; Johnson 1978), it is important that we better
understand how rufous bettongs successfully inhabit these resource scarce rangelands. As a likely
ecosystem engineer, correct land management and conservation of this species alone, could

positively influence an entire ecosystem and the industry relying upon it (Johnson 1978).

In this chapter, | aim to better understand the ecosystem services provided by rufous bettongs to
rangeland landscapes, by investigating and quantifying the amount of soil moved by the species
within a grazing system. | also assess the effect of grazing strategy, vegetation type and season on the
amount and location of digging, and thus, the provision of ecosystem services. Based on previous
research, | expect to find an effect of all, or a combination of these factors, on digging site selection

and digging abundance.
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Methods
Study site

This study was conducted approximately 70 km southwest of Charters Towers, Queensland, at the
Department of Agriculture and Fisheries grazing research trial located on Wambiana Station. The
1000 ha research trial is comprised of 10 separate paddocks, each 97-110 ha in size. There are five

grazing strategies being trialed on site, with two replicates of each (Table 2.1).

Wambiana Station is situated within northern Queensland’s savanna woodlands, where there is a
distinct wet season (December — April) and dry season (May - November). For my study | have broken
these seasons down further into pre-wet (September — November) and post wet (March — May).
There are three vegetation types at the site, Reid River Box (Eucalyptus brownii) and Silver-leaf
Ironbark (Eucalyptus melanophloia), with a small Brigalow (Acacia harpophylla) belt in the middle. The

trial was designed with equal proportions of each vegetation type within each paddock (Figure 2.1).

Digging site selection — replicate transect surveys
Survey design

| conducted two transect surveys, one in September 2020 (pre-wet) and the other in April 2021 (post-
wet). The same 50 transects were surveyed in both seasons, with 10 transects assessed in each
grazing strategy (five transects per paddock), across the three vegetation types (Figure 3.1). Each
transect (100 m long and 2 m wide) was walked in the same cardinal direction (north, south, east or
west) each survey period to ensure replication. Cardinal directions were chosen at random during the

initial (September 2020) transect surveys.
Transect data collection

In September 2020, the total number of fresh diggings found within the 100 x 2 m transect survey
area were counted and their dimensions (length, width and depth) recorded. Digging by rufous
bettongs was observed in the field prior to transect surveys being undertaken to ensure rufous
bettong diggings could be correctly identified. Additionally, there are few other digging mammals that
coexist at my study site and those that do, mainly bandicoots and echidnas, are less abundant and
have distinctly different digging characteristics. Bettong diggings are typically shallower and less acute
than bandicoots (Schlager 1982; pers. obs.) and echidnas have distinctly wide and circular diggings

(Dundas et al 2022).

When sighted, a digging was categorised as fresh if there was a clear adjacent heap of loose and

friable excavated soil, and the digging contained little to no leaf litter (Claridge, Cunningham, and
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Tanton 1993; Valentine et al. 2013). For the first five instances of digging (defined as a singular digging
or multiple diggings within 1m?) a quadrat was placed over the digging site and the vegetation and
ground cover was assessed. The proportion of fine woody debris (FWD), bare-ground (BG), grass (G),
leaf-litter (LL), shrubs or saplings (Sap.Shrub), Carissa ovata shrub (C. ovata), logs, trees, and termite
mounds (T.Mound) within a 0.5 x 0.5 m quadrat were recorded. Quadrats measuring the same habitat
features where there were no diggings were also assessed at 0, 25, 50, 75 and 100m along every
transect. In the April 2021 survey, diggings found in the transect surveys area were counted but no

dimensions were measured due to time and weather limitations.
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Figure 3.1 Map outlining the starting location for each of the 50 transects (T1-T50).

Data analysis - digging site selection
Landscape-scale digging site selection

| used generalised linear mixed effects modelling using the gimer function in package Ime4 (Bates et al
2020; version 1.1-26) to examine whether digging occurred across the entire survey area or whether
grazing strategy, season or vegetation type influenced the location of diggings. Dig counts, derived
from transect surveys in September and April, were used as the response variable, transect ID was a
random effect, and grazing strategy, season and vegetation type were fixed effects. Significance was
assessed using the anova function and type Il sum of squares, in the ‘car’ package (v3.1-0; Fox and
Weisberg, 2019) and | used pseudo R? values to determine the goodness of fit for my model with the

rsquared function in the ‘piecewiseSEM’ package (v2.0.2; Lefcheck, Byrnes & Grace, 2018). A
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Pearson’s Chi-squared goodness-of-fit test, performed using the chisq.test from the ‘stats’ package
(v3.6.2; R Core Team), was used to test if diggings occurred in equal proportion in the various

vegetation types and grazing strategies.

Fine-scale composition of digging sites

| created a non-metric multi-dimensional (NMDS) ordination plot to assess the pairwise dissimilarity
between quadrats where diggings were present, and quadrats where diggings were absent. My
ordination plot was created using the ‘Vegan’ package in R (v2.5-7; Oksanen et al, 2020). The plot is
based on the Bray-Curtis dissimilarity matrix and shows the vegetation composition at sites where
diggings were absent or present. | used a multivariate analysis of variance (MANOVA; R Core Team,
2019) to test whether there was a significant difference between the fine-scale composition at sites
with, versus sites without, diggings. The features assessed in my model, at both sites, included fine
woody debris (FWD), bare-ground (BG), grass (G), leaf-litter (LL), shrubs or saplings (Sap.shrub),
Carissa ovata shrub (C. ovata), logs, and termite mounds (T.Mound). The habitat feature ‘tree’ was

not included in my MANOVA as there were no recorded instances.

Soil displacement

| collected length, depth, and width measurements for all fresh diggings found along 50 individual

transects during September 2020 surveys.

Calculating soil displacement

| created moulds, using Plaster of Paris, for a subset of these diggings (n = 34) to later calculate their
volumes using the water displacement method; whereby each mould was submerged in water and

the amount of water displaced (mL) was recorded.

| plotted the water displacement volumes against the volumes calculated using the equation for the

volume of an elliptical cone:

1 dig.length  dig.width
( )

- > > ) * dig. depth)

T
3

| determined, through the coefficient of determination (R? = 0.70) that the elliptical cone volume
estimate was strongly correlated to the volume of my diggings, and therefore | used this equation to

calculate the volume of all diggings (n=83) using their length, width and depth measurements when |

did not have a plaster mould and water displacement measurement.
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Using these calculated volumes, | determined the amount of soil displaced from each digging by
multiplying the dig volume by the density of the soil type where it was located. The average soil
density values | used for Reid River Box, Ironbark and Brigalow soils were 1.515g/cm?, 1.645g/cm?and

1.263g/cm3 respectively (Fraser and Stone 2016; Thornton and Shrestha 2021).

Total soil displacement, attributed to bettong diggings, across my study site was calculated as follows:

Soil displacement (cm3) per 1m?

_ Sumof soil displaced by measured diggings (ecm?)

Survey area (m?)

Soil displacement across study site (cm?)
= (soil displaced (cm?®) per 1m? X grazing trial area (m?))

X number of surveys (2)
Annual soil displacement was converted to m® for analysis of results.

Results
Landscape-scale digging site selection

| found that there was no significant effect of season, grazing strategy or vegetation type, nor were
there any significant interaction effects on the number of diggings (Marginal R? = 0.18; Conditional R?
=0.88). There was a slight trend towards more digging in the flexible stocking rate (Figure 3.2), and in
the Reid-river box habitat (Figure 3.3), however my chi-square contingency tests indicated that there
was no significant difference in the number of diggings in different grazing strategies (x?=0.35, df =
4, p = 0.99) or vegetation types (x’= 0.48, df = 2, p = 0.79). Therefore, digging by rufous bettongs
appears to occur evenly across the paddock types, with no apparent influence of season, grazing

strategy, or vegetation type (Figure 3.4).
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Figure 3.2 Dig counts across the grazing strategies: FLEX (flexible), FLEX.S (flexible + wet season spelling), HSR (heavy stocking

rate), MSR (moderate stocking rate), R.SPELL (rotational spelling).
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Figure 3.4 Digging occurrences in September (pre-wet) 2020 and April (post-wet) 2021, respectively, across the five grazing

strategies at the study site (Flex, Flex.S, HSR, MSR and R.Spell).
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Fine-scale composition of digging sites

| found that there was a significant difference in the fine-scale composition of sites where diggings
were present compared to sites where diggings were absent (MANOVA; Fq 175 = 7, P < 0.0001). Sites
where diggings were present commonly had a higher portion or leaf litter (LL) and bare-ground (BG),
while sites where diggings were absent had higher portions of C. ovata, fine woody debris (FWD),
saplings and shrubs (Sap.Shrub), termite mounds (T.Mound) and logs (Figure 3.5). This difference also
occurred between seasons as | found a significant difference in fine-scale digging site composition
between my April and September surveys (MANOVA; Fq 175 = 5, P <0.0001). In April, digging more
commonly occurred in areas with a higher proportion of bare-ground, while in September, digging

also occurred where there were higher proportions of grass and leaf litter (Figure 3.6).
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Figure 3.5 Fine-scale site composition where diggings is present and where digging is absent. 'Present' sites are where
quadrats were placed over found diggings and ‘Absent’ sites are where quadrats contained no diggings and occurred at O, 25,
50, 75 and 100m along my transects. The Bray Curtis stress estimate is 0.14 representing a good fit (Dugard, Todman, and

Staines 2010).
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Figure 3.6 Seasonal variation (April and September) in the fine-scale site composition at sites where diggings were present
and sites where diggings were absent. Bray Curtis stress estimates of 0.17 and 0.2 represent a good fit (Dugard, Todman, and

Staines 2010).
Soil displacement

| collected length, width, and depth measurements from 83 diggings during the September sampling
period. The mean + standard error dimensions were: length 7.4 + 0.33 cm, width 4.8 + 0.26 cm and
depth 2.4 + 1.7 cm. The average volume per digging was 24.3 cm?, and the average amount of soil
moved from a digging (accounting for transect specific soil density) was 36.41 g/cm?. Overall, in the
83 diggings measured, across my total transect survey area of 10,000 m?, there was 3021.78 cm? of
soil displaced. This equates to 6m? over my two sampling periods. Based on the assumption that a
digging would appear ‘fresh’ for no more than two weeks, that is, it has no signs of degradation, or
accumulation of leaf litter, | extrapolated this figure to determine that the average yearly soil
displacement rate of rufous bettongs at my study site is 72m3. Based on historical population

estimates at my study site (Neilly and Schwarzkopf 2018), this equates to 1.3m3soil/animal/year.

Discussion

Landscape-scale digging site selection

| found that there was no significant effect of season, grazing strategy, or vegetation type on the
location or abundance of diggings. | found that bettongs prefer to dig in areas with more bare-ground
and grass than in areas with shrubs or other features, such as termite mounds and logs. In general,

rufous bettongs moved a significant amount of soil in my study area (an estimated 72 m? of soil per
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year, or 1.3 m3 per bettong per year), and it is likely this represents an important ecosystem service to

agricultural land.

| expected to find an effect of season on digging site selection, as has been observed in other studies
on a range of digging species, due to seasonal diet shifts, or vegetation composition changes,
however this was not the case (Danks et al. 2020; Claridge, Cunningham, and Tanton 1993; Vernes,
Cooper, and Green 2015; Mcllwee and Johnson 1998). My study commenced after a drought period
(2013-2018) (O'Reagain et al. 2018), and therefore had comparatively more rain than the previous
years. Precipitation and soil moisture are major drivers of truffle production, a food source for a range
of digging mammals including rufous bettongs (Vernes 2010; Mcllwee and Johnson 1998; Schlager
1982; Johnson 1978; Bateman, Abell-Davis, and Johnson 2011) and therefore, in the comparatively
wetter years of my study, this belowground fungi might have been more widespread, and therefore,
so too rufous bettong diggings. As a result, any variation in the number of diggings found among
grazing strategies, vegetation types or between seasons may have been masked by truffle abundance

during this time.

Interestingly, some studies have found a correlation between dig counts, the density of mature
Eucalypt tree species (Johnson 1994a) and food availability (Claridge, Cunningham, and Tanton 1993).
Belowground fungal bodies form symbiotic relationships with trees, particularly, Eucalypt species
(Danks et al. 2020; Malajczuk, Trappe, and Molina 1987; Dundas et al. 2018; Horton et al. 2013;
Claridge 2002; Nuske et al. 2017a). Due to the abundance of Eucalyptus trees at my study site, there
may be a greater abundance of fungal bodies then places with less of these trees. As such, differences
in digging abundance or occurrence caused by grazing strategy, seasons, or vegetation type may have
been masked by the widespread availability of the fungal bodies that are symbiotically linked to the
most common and widespread tree species at my study site. This is an avenue worth investigating
further and could be done by conducting another similar study, but at a location with a lower density,
or absence of Eucalyptus trees, or trees altogether. Faecal analysis would provide additional, valuable
insight into whether the food chosen by rufous bettongs at my study site is the same, or is available,
throughout all seasons and among all grazing strategies, producing the aseasonal pattern in my
results. Of course, it is also possible that season has no effect on the digging behaviour and diet of

rufous bettongs. Further research would help to determine whether this is the case.

As with seasonal differences, | did not find any effect of grazing strategy on digging in bettongs. No
other studies have examined the impact of grazing strategies on digging in this group, but the
apparent negative impact of farming on potoroids more generally suggests that many species may be

sensitive to grazing impacts on food availability. Rufous bettongs in this study foraged in all the
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available grazing strategies, in both seasons, which might be a factor contributing to their successfully
coexistence with grazing systems, but further studies on the diet of rufous bettongs, across different
grazing strategies, would help clarify this. It is important to note that my study was conducted
between 2020 and 2021, which were neither particularly dry nor wet years (Bureau of Meteorology
2022). Previous studies found that rufous bettong avoided using heavy grazing strategies (Neilly and
Schwarzkopf 2017), however these studies were conducted in a drought period from 2013-2018
(O’Reagain et al 2018). In years of drought, there are stark differences among the various grazing
strategies, reflecting the different responses to grazing pressure by vegetation and the landscape as a
whole (O’Reagain et al 2018). For my study, these differences were perhaps less stark, allowing

widespread utilisation of all grazing strategies for feeding by rufous bettongs.
Fine-scale composition of digging sites

| found a significant effect of fine-scale habitat features on digging, such that diggings occurred more
commonly in areas comprised of bare-ground and leaf litter. Other studies have also found digging to
occur more commonly in areas with minimal groundcover, in addition to areas with a high proportion
of mature trees, low soil fertility and soil moisture (Johnson 1994a). My study was conducted in
northwestern Queensland, so it is possible that these factors also influenced my findings. My whole
study site has a high density of Eucalypt species, is located in a region of low soil fertility (Eldridge et
al. 2018; Orians and Milewski 2007; Claridge 2002), and experiences a wet and dry seasonal rainfall

pattern, thus facing extended dry periods.

It is also possible that the areas of bare-ground and high leaf litter used to forage by rufous bettongs
in my study, contain a higher proportion of belowground biomass, rather than aboveground biomass
i.e. grass. In addition to fungal bodies that occupy the subsurface, my study site includes a high
proportion of perennial grass species. Perennial grasses store carbohydrate reserves in their tillers
(bases) and roots between leaf growth phases and, therefore, when the aboveground biomass is low,
the belowground biomass is high (Miller et al. 2022). As roots are another food source for rufous
bettongs (Claridge 2002; Schlager 1982; Johnson 1978), this could explain why diggings occurred in
areas of bare soil. Dietary, faecal and subsurface soil analysis was beyond the scope of my study, but
this would be a valuable addition to future similar research in order to better understand what it is

that determines digging sites selection.

Soil displacement

| estimated that 72 m? of soil was moved by rufous bettongs at my study site. Based on historical
population estimates from this study site (Neilly and Schwarzkopf 2018), this equates to 1.3m?

soil/animal/year displaced as a result of foraging for food. This volume of soil is much less than that
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recorded for other digging mammals who purportedly move several tonnes of soil per year (Valentine
et al. 2013; James and Eldridge 2007; Claridge et al. 1992; James 2004, Eldridge and James 2009;
Garkaklis, Bradley, and Wooller 2000, 2004, 1998). However, my soil displacement estimates are only
for the digging associated with food acquisition. They do not account for soil moved by rufous
bettongs while building their shelters, which involves digging shallow, body-sized pits that are far
larger then foraging diggings. Further to this, some of the other species, such as the burrowing
bettong, who have much larger soil displacement figures, are species that dig burrows for shelter and

therefore displace significantly more than the rufous bettong.

Conclusion

My study found that rufous bettongs in grazing systems can move approximately 72m? of soil in a
year. Although this is less than burrowing species, rufous bettong diggings were not seasonal, and
there was no evidence of landscape-scale habitat or site selection preferences, suggesting that the
beneficial effects of their digging are widespread if bettongs are present. At a smaller scale, bettong
diggings commonly occurred in areas comprised of bare-ground, grass and leaf litter. This vegetation
composition is not uncommon in the grazing landscape and suggests that the effects of bettongs that
result from their digging could be widespread for graziers who have bettongs on their land. These
beneficial ecosystem services could lead to improved ecosystem functioning and improved
production outcomes. | believe further research examining the effect of grazing land management,
and agricultural management as a whole, on abundant digging wildlife species should be undertaken
to understand this dynamic further. Other digging species, such as goannas and echidnas also inhabit
these landscapes and could be the focus of other similar research. If we can further understand, and
educate agricultural producers on the importance of sustaining populations of digging wildlife on their
properties, we could begin taking steps towards meeting increased production demands while at least

maintaining, if not improving, biodiversity and environmental outcomes.
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Chapter 4 - Synthesis and conclusion

Thesis summary

The conservation of biodiversity is a growing concern around the world, with extinction rates across
all taxonomic groups increasing at an unprecedented rate (Ceballos et al. 2015; Ceballos, Ehrlich, and
Raven 2020), particularly in Australia, where extinction rates are disproportionately greater than

elsewhere in the world (Wintle et al. 2019; Woinarski et al. 2014; Johnson 2006).

There are a range of factors that have contributed to these species’ declines, for example: invasive
species, human disturbance and over-exploitation, but one of the greatest contributors, globally and
in Australia, is agriculture (Woinarski et al. 2014; Kearney et al. 2019; Maxwell 2016). Agriculture is a
globally significant land use. It encompasses approximately 40% of the earth’s land mass, and of this,
two-thirds is dedicated to livestock grazing (Food and Agriculture Organization of the United Nations
2020). With such a large amount of land dedicated to this purpose, how this land is managed has the
potential to make a big difference to global food production and biodiversity outcomes (Cocklin and
Dibden 2009). This is particularly so given that agriculture, and its associated land use changes, are
critical factors to which global biodiversity loss and species declines have been attributed (Filazzola et

al. 2020; Bell et al. 2011; Garnett et al. 2010).

Agriculture, and more specifically, cattle grazing, are commonly associated with decreased diversity of
flora and fauna, degraded soil health and structure, and high levels of greenhouse gas emissions
(Godfray and Garnett 2014; Garnett et al. 2010; Filazzola et al. 2020; Jones and Barmuta 2000;
Eldridge et al. 2017; Eldridge et al. 2015; Sciences 2021; Tilman and Clark 2015). The threats and
pressures placed on ecosystems by agriculture are only going to increase as the need for land and
greater productivity to meet the demands of exponential human population growth also grow (Bell et
al. 2011; Sciences 2021; Lanz, Dietz, and Swanson 2018). Greater pressure will be placed on my
existing agricultural systems, and thus, so too the land and the ecosystems they rely upon. As such, it
is critical that we determine ways in which we can meet both production and conservation needs

concurrently.

For cattle grazing in Australia’s semi-arid and arid rangelands, there is increasing awareness that in
order to maximise production within these challenging, and often resource-limited environments,
determining and using appropriate grazing strategies, and stocking rates is key (Garnett et al. 2010;
Wang et al. 2020). Stocking cattle at suitable, sustainable rates can ensure that land condition is
maintained and thus the landscape responds effectively to rain, and produces good pasture yields

(O'Reagain et al. 2018; O'Reagain and Bushell 2015; Hall, Silcock, and Mayer 2020). This, in turn helps
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minimise runoff and erosion, which can, if not managed, lead to rapid and severe land degradation or
loss (Hunt et al. 2014). Maintaining good land condition enables the system to support the livestock,
as well as at least some of the flora and fauna native to the area, and this is where we start to see the
beneficial effects of appropriate and sustainable land management on biodiversity conservation.
Supporting biodiversity ensures that there are species filling ecosystem roles, and contributing to
healthy ecosystem functioning (Crain and Bertness 2006; Lanz, Dietz, and Swanson 2018; Beeton et al.
2006; Fleming et al. 2014; Eldridge and James 2009; Martin 2003; Valentine et al. 2017). In turn,
through the occupancy of valuable ecosystem roles by a biodiverse plethora of native flora and fauna,
the landscape is healthier, produces better pasture yields and has increased resilience to stressors
such as drought (Whitford and Kay 1999; Eldridge and James 2009; Eldridge, Delgado-Baquerizo, et al.
2016; Minns et al. 2001; Gordon, Prins, and Squire 2016).

To better understand the relationship that exists between cattle grazing strategies and biodiversity, |
investigated the rufous bettong, a species that inhabits rangelands, and which likely provides valuable

ecosystem services to these systems. Across three chapters, my research aimed to:

1) Determine the extent of habitat overlap between ecosystem engineers: the Potoroidae

family, and grazing land using known occurrence data
2) Determine how grazing strategies influence rufous bettong shelter site selection

3) Determine what factors influence foraging areas for rufous bettongs and to quantify soil

turnover through digging

Chapter 1 - A review of the role and distribution of ecosystem engineers: Potoroidae, in
rangelands

In my first chapter, | discuss the relationship between ecosystem engineers, ecosystem health and
cattle grazing; an increasingly vital dynamic to understand to meet the needs of a growing human
population, while mitigating the environmental impact of agriculture (Lanz, Dietz, and Swanson 2018;
Willem Erisman et al. 2016; Cocklin and Dibden 2009). Ecosystem engineers are organisms, which,
directly or indirectly increase the availability of resources to other living organisms through the
creation, modification and maintenance of habitats (Jones, Lawton, and Shachak 1994). Digging
wildlife are commonly referred to as ecosystem engineers because their digging can lead to improved
water infiltration, plant germination, organic matter breakdown, seed and spore dispersal, and can
create habitat or refugia for other species (Martin 2003; Whitford and Kay 1999; Eldridge and James
2009; Huston 1994; Schooley, Bestelmeyer, and Kelly 2000; Wright, Jones, and Flecker 2002; Fleming

et al. 2014). These ecosystem services are highly beneficial to all landscapes, but particularly

51



Australia’s rangelands where the effects of a nutrient poor, arid landscape are exacerbated by the

negative effects of cattle grazing.

| reviewed the current understanding of ecosystem services provided by species within the family
Potoroidae and found a lack of literature describing the ecology, and ecosystem services of the rufous
bettong Aepyprymnus rufescens, despite it being the most abundant of all the potoroids. | also
analysed the habitat range of all extant potoroids for the past 30 years, alongside current Australian
land-uses and | found that 38% of assessed rufous bettong habitat occurs on grazing land; the

greatest degree of overlap of all potoroids (Table 1.1).

It is likely, yet still insufficiently quantified, that the rufous bettong provides beneficial ecosystem
services like the other Potoroidae species. Given it is the most abundant potoroid and has the
greatest degree of habitat overlap with cattle grazing land, this species could, if supported on
rangelands, be a catalyst for change. Through its digging, and the ecosystem services it provides, the
rufous bettongs could help to enhance ecosystem functioning, which better supports production
outcomes, while simultaneously improving biodiversity outcomes also. | identified this as an avenue
of future research pertinent to the current global challenges of feeding a growing population while

mitigating environmental impact.

Chapter 2 - Rufous bettong shelter site use, composition and importance in grazing systems

In chapter two, | examined shelter site selection and the effect of landscape-scale factors: grazing
strategy, vegetation type, and season, on shelter site selection. | also looked at fine-scale shelter site
composition to determine whether there was any selection for leaf litter, bare-ground, grass, fine-
woody debris, Carissa ovata (C. ovata), saplings or shrubs, trees, termite mounds or canopy cover. |
also investigated the importance of shelter sites at my rangeland study site by assessing shelter

temperatures compared to ambient temperatures.

My analysis revealed that at a landscape-scale, there was a trend suggesting a preference for
paddocks using rotational spelling as a grazing strategy, and an avoidance of paddocks using the
heavy stocking rate strategy, although these effects were not statistically significant. These trends
were consistent with previous research suggesting rufous bettongs on this property avoided the
heavy grazing paddocks (Neilly and Schwarzkopf 2018). Bettongs may prefer more conservatively
grazed paddocks as they often support more grass than the other strategies (P. O’Reagain, personal
communications, 12 December 2022), and rufous bettongs often build their nests from grass. At a
fine-scale, shelter sites were characterised by high proportions of C. ovata compared to randomly
selected areas. This may occur because these shrubs are thorny and nearly impenetrable and thus

may provide protection from predators and trampling by cattle. There was a significant effect of
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season on shelter site selection composition. | found that greater proportions of logs and termite
mounds were used in the wet season, possibly to mitigate the threat of shelter flooding during this
time. | also found that C. ovata was used more in the dry season. Possibly, because rufous bettongs
rely on grass to form their shelters (Johnson 1980b; Schlager 1982), the reduced grass availability

following the dry season leads to increased reliance on C. ovata to form adequate shelter.

When analysing shelter site temperature coefficient of variation, | found that the variation in
temperatures within shelter sites were significantly less than the variation in ambient temperatures
recorded at random sites outside the shelter. | found that the variation in temperature between these
two sites varied significantly over a 24-hour period, among months, and between seasons. Overall,
variation in temperatures within shelters was less, and temperature means were less extreme in
shelters. Thus, shelter sites are important to rufous bettongs as they provide important protection

from ambient temperatures.

Overall, my findings in chapter two highlighted the importance of understanding and considering the
function of shelter sites (i.e., thermal protection etc.), particularly in an agricultural landscape as we
grapple with improving biodiversity outcomes, while simultaneously increasing agricultural

production.

Chapter 3 - Rufous bettong digging and its benefit to grazing systems

In Chapter three, | investigated the digging behaviour of rufous bettongs, by determining the factors
that influence digging site selection, at a landscape and fine-scale. | also provided new insight into the
ecosystem services provided by the rufous bettong, by quantifying the amount of soil they can move

in grazing systems as a result of digging for food.

When examining the effect of landscape-scale factors on digging site selection, | found that there was
no significant effect of season, grazing strategy or vegetation type on the numbers of diggings in
various locations. However, at a fine-scale, | found a significant difference between sites where
diggings were present, versus sites where diggings were absent, which has also been noted by other
authors (Johnson 1996). Digging site composition was characterised by a higher proportion of leaf
litter and bare-ground compared to sites where digging was absent. When examining the extent of
rufous bettong digging, | found that rufous bettongs displaced approximately 72m?* annually; equating
to 1.3m?3 of soil, per animal, per year by digging for food (estimated population size based on earlier
work in this area (Neilly and Schwarzkopf 2018)). Therefore, | concluded that the rufous bettong
provides valuable ecosystem services to this landscape in terms of soil turnover and, therefore,

targeted conservation and land management that supports the species could not only improve
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biodiversity conservation outcomes, but also improve ecosystem health and functioning that could

enhance agricultural productivity simultaneously.

Management implications

The management of grazing systems in northern Australian rangelands is undoubtedly a challenging
task. Adding to this is growing pressure for Australian agricultural practices to mitigate their
environmental impact, while also enhancing production in response to growing consumer demands
(Sciences 2021; Godfray and Garnett 2014). The management of this land is therefore, more critical
than ever, as it has the capacity to significantly contribute to either positive, or negative, long-term

biodiversity and production outcomes.

We know that sustainable grazing management is associated with benefits to land condition, soil
health, vegetation structure and composition, and long-term profitability (O’Reagain et al. 2014).
Increasingly, we are also aware of the benefits of these sustainable practices to biodiversity (Neilly et
al. 2018; Godfray and Garnett 2014). As such, | suggest that more consideration is given to the long-
term sustainability of grazing land, and importantly, the ecosystem as a whole; inclusive of the often
ill-considered native flora and fauna that predated the existence of cattle in these areas. Importantly,
there needs to be increased awareness that managing land for production and biodiversity can be
achieved simultaneously (Godfray and Garnett 2014; Tilman et al. 2011; Jhariya, Meena, and Banerjee

2021; Gordon, Prins, and Squire 2017).

My research provides valuable insight into how different grazing strategies, and their associated
landscape structure and vegetation composition, affect the rufous bettong, a beneficial ecosystem
engineer. Notably, | identified that the native shrub, C. ovata, was a very important feature within the
landscape as it was used significantly more than all other vegetation. This is a significant finding
because this shrub is commonly despised by graziers in northern Australian rangelands because it can
reduce pasture production (Department of Agriculture and Fisheries 2020). Therefore, to discover
that it provides important refuge to a valuable ecosystem engineer gives cause to reconsider its
removal, or at least minimise the extent of its removal. Instead of seeing C. ovata as an intrusive,
undesirable plant with no benefits, it could in fact be an indirect facilitator of improved land
condition, pasture growth, and thus productivity due to the species it supports. Given the time and
effort required to remove this shrub, my insights may prove highly valuable to the management of
grazing systems, as it could enable graziers to allocate their time and efforts elsewhere, knowing the

presence of this shrub is not as directly linked to productivity declines as was once thought.
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Through my research, | also found that rufous bettongs showed a preference for grazing strategies
that used low-to-moderate stocking densities, further supporting what is currently understood about
the benefits of sustainable grazing. This provides further justification for why these grazing strategies
should be used. Not only do they benefit land condition, long-term profitability and biodiversity, but
more specifically by supporting biodiversity, we see ecosystem engineers, who contribute
disproportionately to the improved health and functioning of these systems, successfully inhabit
these landscapes (Crain and Bertness 2006; Eldridge and Mensinga 2007; James, Eldridge, and
Moseby 2010; James, Eldridge, and Hill 2009; Fleming et al. 2014; Noble et al. 2007; Noble 1993;
James and Eldridge 2007; Eldridge and James 2009; Whitford and Kay 1999). My research alters the
narrative and highlights the benefits of wildlife, and biodiverse ecosystems to agricultural systems

through healthy ecosystem functioning.

In order to see Australian grazing systems keep up with growing consumer demands, while also
managing the complexities of growing consumer demand for, and industry pressure to, mitigate the
environmental impact of farming; change is required. My research provides further justification for
why there should be widespread adoption of sustainable long-term grazing strategies, as the results

are mutually beneficial to industry and the environment.

Future research

Future research into effective, concurrent improvements to both biodiversity and production
outcomes in Australia is imperative. With the need to protect Australia’s unigue, world-renowned,
flora and fauna, and one of its largest industries, the stakes could not be higher. My research
provided new insight into the interrelationship between grazing systems and an ecosystem engineer,
which could help to inform the management of rangelands, such that they can achieve both
production and conservation outcomes. However, there is still more to be learnt and understood and
therefore, it would be beneficial to do a longer-term study, across multiple seasons to measure the
effect of drought, climate variability, and other potential longer-term influences on long-term
landscape and fine-scale site selection patterns of rufous bettongs. Similarly, more extensive
investigation of the long-term, direct effect of digging on the landscape, inclusive of pasture yields,
water runoff rates and vegetation composition, could help to better understand, and thus better
educate stakeholders on the benefit of digging animals to these landscapes, and why supporting them

is mutually beneficial.

Furthermore, my research examined rufous bettong digging, but only that which results from digging
for food. | did not investigate the digging that results from shelter creation and the associated pits

dug by rufous bettongs. These pits are significantly larger than digging pits, so examining and
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guantifying these would be valuable to furthering our knowledge of the ecosystem services provided
by rufous bettongs. This may strengthen the argument for their conservation on grazing land. In
addition to rufous bettongs, we could also explore the interrelationship of a range of other digging
species and grazing systems. Other digging animals, such as goannas and echidnas, inhabit these
landscapes, and further investigation of their role within these systems could provide more scope to

the benefits of biodiversity within rangelands.

Conclusion

My research shows that the interaction between wildlife and grazing systems is complex and
multifaceted, with many factors to be considered when understanding the extrinsic pressure of an
anthropogenic land use on the natural ecosystems and wildlife within them. | found that rufous
bettongs were relatively resilient to the direct, broad-scale effects of grazing strategy, however, these
strategies can alter the landscape structure and vegetation composition, and | found these factors to
be of significance to shelter and digging site selection. Therefore, moving forward, we need to take a
more holistic approach when making management decisions in these grazing systems and consider

the interconnectedness of natural and anthropogenic systems.

In understanding the history of wildlife extinctions in Australia, we know that small digging mammals
are at high risk of extinction and thus, we are at high risk of losing the beneficial ecosystem services
they provide. Through the findings of my research, it is evident that management decisions such as
opting for more sustainable grazing strategies (i.e., rotational spelling), could better support
ecosystem engineers like the rufous bettong. Similarly, considering the value of seemingly undesirable
species such as C. ovata, before removing it, is imperative as we now know that this shrub provides

valuable refuge for species who offer highly beneficial services to the surrounding ecosystem.

These mindset shifts, and associated changes to management decisions, would contribute to
supporting ecosystem engineers like rufous bettongs, and other valuable species on these landscapes.
These species provide ecosystem services that improve ecosystem functioning and land condition and
thus benefit productivity and profitability. Improved land condition and production for farmers, and
more inhabitable land to support a plethora of flora and fauna; this is the goal. Not only is there no
loss to farmers, but they would in fact benefit, just as the natural ecosystems that coexist on these
rangelands would too. These changes in management decisions are how we can address the
conundrum of meeting increasing consumer demands, while trying to minimise risk to and loss of

biodiversity.
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