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Abstract

Severe biodiversity declines are depleting functional diversity, thus impacting on ecosystem
processes. Prior to European settlement, fossorial marsupials were a major component of Australia’s
biota. These species comprised a functional guild of ecosystem engineers, which were predominantly
insectivores or omnivores. Declines and extinctions of these fauna have had largely-unmeasured
impacts on ecosystem processes and the productivity and stability of ecosystems through the loss of
function, particularly in arid habitats. I asked how the loss of these native marsupial omnivores had
impacted the function and diversity of invertebrate decomposer communities. I used a literature
review to determine knowledge gaps in ecosystem engineering research, and manipulative
experiments and mensurative observations to examine the impacts of native mammal reintroduction
on the community composition, abundance and function of termites and dung fauna across three
reintroduction sanctuaries and one reserve supporting a remnant mammal population. Among the
results of my literature review, I identified a need for manipulative experiments and replication to
better understand engineering functions. In my research chapters I revealed that reintroduced
mammals had significant negative impacts on termite abundance, community composition (to a small
degree) and ecosystem function, primarily through ecosystem engineering pathways. Aridity modified
termite responses across sanctuaries: the effect of reintroductions was greatest at the least-arid
sanctuary and smallest where aridity was highest. We suggest that termites may be more willing to
relocate following disturbance in less arid areas because alternate resources are more available. In
contrast, dung fauna communities were not affected by native mammal declines. We used dung fauna
attracted to kangaroo dung as an approximate baseline of a community with a relatively common and
stable host. While the kangaroo dung invertebrates were more active than fauna using bilby dung, we
found no differences in community composition; both appeared to favour visitors such as ants and
flies who could potentially utilise other resources with ease. A lack of reliable historical data for
baseline community comparisons prior to host declines raises discussion of appropriate baselines for
conservation globally. A practical solution may be to create approximate diversity baselines using
common species across a variety of different diet and habitat types. Meanwhile, the responses of
termites to mammal reintroduction have important implications for conservation sanctuaries.
Knowledge gained from these reintroductions indicates that Australia’s pre-European ecosystems
differed from now, affecting the long-term sustainability of reserves through changed invertebrate
functioning. Importantly, management strategies using data from single-site studies should be applied
with caution to other locations. This is because the magnitude of reintroduction impacts can
demonstrably change under the influence of biotic and abiotic gradients such as aridity.
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Note on format of Thesis by Compilation

This thesis is presented as a series of three research data papers and one synthetic literature review
that have been submitted for publication in peer-reviewed scientific journals, or which are in
preparation for submission therein. Every paper is a stand-alone work which addresses the broad
theme of insect interactions with reintroduced mammals. Repetition between papers is accordingly
inevitable. All papers (excluding Chapter 1, already published) are in preparation for publication for
peer-reviewed scientific journals, or are in the process of submission.
The entire thesis is bounded by a general introduction and synthesis of results.
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General introduction
A glossary of terms for this thesis is provided in Box 1.

Legacies of the Anthropocene: functional diversity and ecosystem
processes in an era of global species declines
We exist in an age where species extinctions occur at a rate one thousand times greater than the
precedent set by fossil records (Pimm et al. 2014). Functional diversity is an integral part of
biodiversity, which acts as a buffer for natural evolutionary pressures (e.g. local extinctions, range
contractions or expansions), such that ecosystem processes (e.g. community assembly, nutrient
cycling, and water and energy flows) can adapt to changing conditions (Rosenfeld 2002). The global
biodiversity crisis has redefined the structure and functioning of ecological communities (ValienteBanuet et al. 2015). Functional resilience of ecosystem processes against evolutionary pressures has
been sorely tested by the accelerated global environmental changes of the Anthropocene era (i.e.
Fonseca and Ganade 2001, Waters et al. 2016). There are many systems from which species have
declined to the point of ecological or absolute extinction (Novaro et al. 2000, Pandolfi et al. 2003,
Johnson 2006, Jackson 2008, Nichols et al. 2009, Säterberg et al. 2013, Fleming et al. 2014,
Woinarski et al. 2015, Young et al. 2015). We have evidence of significant changes to biotic
communities and ecosystem processes (e.g. Clarke et al. 2015, Silvey et al. 2015, Coggan et al. 2016,
Verdon et al. 2016), and acknowledgement that extinctions beget further extinctions (Colwell et al.
2012). We are also gaining awareness that processes can be compromised well before species declines
become noticeable as a loss of functioning (e.g. McConkey and Drake 2006, McConkey and O’Farrill
2015). Our awareness of the potential risks to ecosystem processes driven by biodiversity losses is
biased towards terrestrial vertebrates, with the impacts of declines in invertebrate fauna (and upon
their functioning) remaining largely omitted from scientific literature and public awareness (Cardoso
et al. 2011, Régnier et al. 2015). Currently there is a broad knowledge gap regarding the taxonomy
and general science (e.g. biology, ecology) of invertebrate fauna (Cardoso et al. 2011, Collen et al.
2012), which we aim to investigate.
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Box 1. Glossary of terms
Bioturbation
In terrestrial settings, bioturbation refers to the mechanical manipulation of the soil profile by plant and animal
species.
Critical weight range mammal
In Australian ecosystems, critical weight range (CWR) mammals refer to a group of native mammal species
with a common mass within the 35 g- 5500 g range. This group has been highly susceptible to declines and
extinctions resulting from non-native predators introduced since the continent was colonised by European
settlers in 1788. These predators are the domestic cat (Felis catus) and the red fox (Vulpes vulpes).
Community composition
The make-up of an assemblage of species or groups of species that inhabit a given area. The description of the
organisms within the assemblage can be based on species or functional groups. This thesis uses functional
groups to describe community composition. Community composition is a product of a habitat and of the
interactions between species using that habitat. These interactions may include competition, predation,
parasitism, mutualism and commensalism (for example).
Coprophilic invertebrate
Any invertebrate species that is attracted to the dung of other species, and use dung as a facultative resource.
The term often implies species that require dung to complete their life cycle, such as dung beetles, which are
also coprophages. We include all species that require dung as a resource, as well as those which use dung as a
resource opportunistically (e.g. as a location to predate on other species).
Coprophagous invertebrate
Invertebrate species that consume dung.
Ecological or functional extinction
Refers to the decline of a species to the point that the population fails to make a significant contribution to
ecosystem processes, and their particular functional role is effectively lost from the system. Note that many
species can play the same functional role, which lends systems the ability to absorb the impacts of natural
extinction. Functional extinction also includes the disappearance of a species from the fossil record and the
cessation of reports of its existence, but we do not apply the term in that sense here.
Ecosystem engineer
Ecosystem engineers differ from keystone species as those whose actions or presence creates, significantly
modifies, maintains or destroys a habitat. Examples include corals and mound-building termites.
Ecosystem function
This thesis uses ‘ecosystem function’ to refer to the specific role of a species within an ecological community,
such as ‘large-bodied tunneller’, and broader categories such as ‘decomposers’. Multiple species may fulfil
similar functions or roles within a community.
Ecosystem process
Refers to the net result of ecosystem functions (above). Processes include community assembly, nutrient
cycling, and water and energy flows.
Effect magnitude/effect size
Refers to the quantitative measure of the strength of an outcome. This thesis uses the difference between control
and impact sites as a measure of effect size.
Mensurative studies
Non-experimental observations of an effect. Sources of variation are not controlled; however note that effects
may be compared against ‘natural controls’ where the effect does not occur.
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Considering the impacts of ecological gradients on the magnitude of
mammal impacts
Ecosystem engineers are defined as species whose physical manipulation of habitats have a
disproportionately large effect on the distribution, diversity and survival of other organisms (Jones et
al. 1996). In comparison, those whose impacts occur predominantly via trophic pathways (e.g.
predators) may be considered keystone species (Mills et al. 1993). Reintroductions of native mammal
fauna which function as burrowing engineers are expected to have significant impacts on Australian
arid communities, with the expectation that broad-scale reintroductions can restore ecological
functioning in arid habitats (Fleming et al. 2014, Manning et al. 2015). The return of these species is
anticipated to provide a cost-effective means of reintegrating bioturbation as an ecosystem function,
alongside assuring their conservation. We synthesised research on the topic of terrestrial animal
ecosystem engineers. One of our aims was to assess the strengths and weaknesses in the methods used
to investigate influences of ecosystem engineers on other species. We found two key points in our
synthesis that were relevant to the native mammal assemblages that are the focus of this project.
These were the time elapsed between the loss and reinstatement of engineer functions, and the
influence of climatic gradients upon the effect magnitude of engineering interactions. Time could
affect the full recovery of ecosystem processes due to engineer extinction (Marshall et al. 2013,
Hunter and Gibbs 2014). The reintroduction programmes examined in this project did not aim to
restore the exact attributes of historical arid ecosystems (Manning et al. 2015). However, many of the
effects we observed are likely to have been partly in response to significantly greater volumes of soil
disturbance generated by engineering species inside reintroduction enclosures (up to 3 tonnes per
hectare, Eldridge et al. 2012). For some communities, interactions with native mammalian burrowing
engineers have been absent for up to 150 years (e.g. greater bilbies, Troughton 1938). Climatic
conditions were another important factor to consider, but which were inadequately addressed in
contemporary ecosystem engineering research. The arid habitats which host reintroduced mammal
assemblages in Australia are characteristically resource-limited (Hadley and Szarek 1981, James and
Eldridge 2007, James et al. 2009), and climate factors such as precipitation influence landscape
3

productivity and resource availability, which then impact upon interaction strength and/or effect
magnitudes (Rodríguez-Castañeda 2013, Young et al. 2015, Schemske et al. 2009). We incorporated
the influences of increasing aridity and the time lapse between mammal extinction and reintroduction
as underlying themes throughout this project as a result of our synthesis, in addition to the influences
of reintroduction on invertebrate communities and their function. We also therefore hypothesised that
the effect magnitude of reintroduced mammals would be modified by covariates such as aridity or
time since extinction (Figure 1).

Investigating the responses of invertebrates to reintroduced mammal
assemblages.
This thesis examines the responses of terrestrial invertebrates (termites and dung fauna) to the
regional declines and extinctions of native mammals in Australia’s arid habitats. Australia has the
fifth-highest record of species extinctions, including those that are extinct in the wild (IUCN 2015).
Australia’s mammal extinction record is particularly ‘illustrious’ for both the rapidity and nearcompleteness with which native species declined (> 90 % of mammals), or became extinct (11 % of
mammals) since the continent was colonised by European settlers in 1788 (Troughton 1938, Ovington
1978, Abbot 2002, Burbidge et al. 2009, Bilney 2014, Doherty et al. 2015, Woinarski et al. 2015).
Introductions of non-native species, particularly of domestic cats (Felis catus) and red foxes (Vulpes
vulpes), which are both globally-significant exotic predators (Clout and Russell 2008, Medina et al.
2011), are primary drivers of the loss of native mammals across Australia (Dickman 1996, Dickman
1996 , Abbott 2002). Species of intermediate body size (‘critical weight range mammals’, 35 g – 5500
g, Burbidge and McKenzie 1989, McKenzie et al. 2007) and increasingly, of greater mass (up to 10
kg, Hanna and Cardillo 2014), have experienced significant declines and extinctions, particularly in
arid and semi-arid habitats (Short and Smith 1994). Consequently, many surviving populations
became extinct from the Australian mainland and are now restricted to islands or to isolated portions
of their historic range (e.g. Langford and Burbidge 2001, Wayne et al. 2015, Woinarski et al. 2015).
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General aims and hypotheses
Reintroductions help to conserve threatened species and re-establish interactions such that ecological
communities and functions may be reconstructed (Armstrong and Seddon 2008). In Australia,
assemblages of regionally-extinct critical weight range mammals have been established inside exotic
species-free enclosures, including at least two species which fulfilled functional roles as burrowing
ecosystem engineers (burrowing bettongs, Bettongia lesueur, and greater bilbies, Macrotis lagotis,
Garkaklis et al. 2004, Eldridge and James 2009). The loss of critical weight range mammals was both
functionally and trophically important to invertebrates (Gibb 2012). In addition to generating
significant soil disturbances as burrowing engineers (Eldridge and James 2009), many native mammal
species were either insectivores or omnivores whose diets followed seasonal arthropod availability
(e.g. numbats, bilbies, bandicoots, bettongs, Gibson 2001, Cooper and Withers 2004, Bice and
Moseby 2008).

General Aims and Hypotheses
This project is among the pioneering investigations to explicitly consider the post-reintroduction
ecology of mammals and invertebrates as interacting entities. Few studies have investigated the
impact of mammal declines of this magnitude upon invertebrate communities. Extant works have
restricted themselves to single locations. While studies take multiple samples comparing the effects of
mammal presence versus absence, their results are pseudo replicated. Uniquely our work represents
the first instance of true replication of mammal reintroduction across multiple locations to investigate
these impacts upon invertebrates. Note that randomisation of these locations was not possible given
that they are pre-determined by factors including land availability for conservation.
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General aims and hypotheses

Figure 1. Schematic of the expected network of influences that reintroduced mammal assemblages will have on
invertebrates. Mammals may indirectly influence invertebrates through their ecological functions, such as
burrowing or non-trophic plant damage. Indirect impacts may also cascade through other invertebrate
assemblages and affect the responses of our focal invertebrate communities. Direct trophic impacts may also
play a role in invertebrate responses, where reintroduced mammals are omnivorous or insectivorous, or where
they provided necessary resources for coprophilic invertebrate communities. Abiotic factors are expected to
influence the effect magnitude of mammal impacts on invertebrate responses, given that resource availability is
controlled by factors such as aridity (productivity). R1, R2, R3: Research Chapters 1-3. S: Synthesis Chapter.
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General aims and hypotheses
The aim of the Synthesis Chapter was to explore the strengths and weaknesses and gaps in research into
ecosystem engineering species and their ecological functioning. The broad aims of the research chapters
thereafter were to experimentally test the effects of native mammal reintroductions upon the functioning and
composition of invertebrate communities, in addition to considering the influence of aridity upon the effect
magnitude of interactions (Table 1a). The two groups of invertebrates which were the focus of our experiments
were subterranean termites and cophrophilic invertebrates. Both groups were selected for their functional roles
as decomposers, and their potential for direct/indirect interactions with reintroduced mammal assemblages, e.g.
through trophic pathways or resource disturbance (Figure 1). Kangaroo dung was used as a bait to attract
invertebrates that would act as a baseline community representing a native species that has maintained a
relatively stable population since European settlement (Stewart-Oaten et al. 1986). We hypothesised that the
presence of reintroduced mammal assemblages would affect invertebrate communities through trophic pathways
(as predators of invertebrates, and as hosts providing dung for coprophilic species), and/or through their action
as burrowing ecosystem engineers via resource disturbance or by altering resource availability (Figure 1).
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General aims and hypotheses
Table 1. General aims and hypotheses.
a) Aims
Synthesis Chapter
Research Chapters
Termites

To assess the strengths and weaknesses of research into ecosystem engineering by
animals in terrestrial habitats.
To determine the impact of digging mammal reintroduction, and,
the influence of aridity on the effect magnitude of mammal reintroductions upon
Termite activity (resource consumption and resource abandonment).
Termite abundance, biomass and community functional composition.

Ch. 1
Ch. 2
Coprophilic invertebrates
To compare the influences of bilby declines and reintroductions upon
Ch. 3 The functional composition of coprophilic invertebrate communities.

1. Which species have been identified as performing engineering functions? 2. What
are the known engineer impacts in terrestrial habitats? 3. What are the primary
methods used to examine engineer effects and how have these developed over time?
4. What are the strengths, weaknesses and gaps in knowledge?

Synthesis questions

b) General hypotheses
Termites
Ch. 1 and 2


Reintroduced digging mammals will affect termite communities through ecosystem
engineering functions (and trophic pathways which were not tested).
Aridity will modify the effect magnitude of mammal impacts through its control over
productivity (resource availability).

Coprophilic invertebrates
Ch. 3 Bilby declines will influence the activity and composition of coprophilic invertebrate
communities.
 Coprophilic invertebrate communities associated with a remnant bilby population will
differ from those in reintroduction sanctuaries.
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General methods
Justification of focal taxa

Termites
Termites are notably the dominant macro-detritivore taxa in arid habitats (Crawford 1979, Hadley and
Szarek 1981). They are recognised as soil-ecosystem engineers (Lavelle et al. 1997), and are an
important component of the diets of at least two reintroduced native mammal species, particularly
numbats (exclusive termitivores, Myrmecobius fasciatus, Dasyuromorphia: Myrmecobiidae) and
greater bilbies (up to 80% of the diet, Cooper and Withers 2004, Bice and Moseby 2008). We
hypothesised that the presence of reintroduced digging mammals which also preyed on termites would
affect their activity, abundance and the functional composition of their communities through
additional soil disturbance inside sanctuaries, and potentially also via trophic pathways (Table 1b,
Figure 1). We also hypothesised that aridity would influence the effect magnitude of mammal impacts
through its control over productivity (resource availability Table 1b, Figure 1).
Coprophilic invertebrates
Note: The initial aim of Chapter 3 was to determine whether dung beetles specifically used bilby dung
in sanctuaries versus the remnant population (see general methods and Chapter 3). Pilot studies of
beetle attraction to an array of dung types representing cattle, kangaroos, goats and bilbies were tested
at the sanctuary locations, but no beetles were encountered. Therefore the focus was changed to
coprophilic invertebrate communities and their activity on bilby versus kangaroo dung.
The fauna of coprophilic invertebrate communities observed in our study areas are better-known for
their contribution to carrion decomposition (e.g. Gibbs and Stanton 2001, Benbow et al. 2013).
However they also participate in dung-decomposition processes, which contributes to the flow of
nutrients into the soil (Wu et al. 2011). Changes to dung supplies caused by habitat loss, extinction
and/or mammal defaunation can have rapid impacts upon coprophilic invertebrate assemblages (e.g.
Carpaneto et al. 2005, Nichols et al. 2009, Tiberg and Floate 2011, Culot et al. 2013, Feer and
Boissier 2015), although effects may depend upon the degree of host specialisation, particularly for
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invertebrates that require dung to complete their life-cycles (Tiberg and Floate 2011). The coevolution of native marsupials and coprophilic invertebrates (particularly dung beetles) in Australia
has fostered a degree of specialisation in some taxa (i.e. Bornemissza 1960, Vernes et al. 2005,
McAlpine 2007), which could affect the composition of coprophilic invertebrate communities
following the regional extinction of multiple native mammal species. We hypothesised that bilby
declines would influence the composition of coprophilic invertebrate communities, and that
communities associated with the remnant bilby population would differ from those in reintroductions
(Table 1b).
Major comparisons
We divided our investigation into two sections: The first two research chapters considered the
interactions between reintroduced native mammals and termites. We approached these interactions
from the perspective of the native mammals’ function as ecosystem engineers and as potential termite
predators. The main focus for the first two research chapters was to compare the effect of mammal
reintroduction inside the sanctuaries against control habitats where native mammals no longer
occurred because of their regional extinction/declines. The third research chapter we considered how
the regional decline of greater bilbies to the point of potential ecological extinction (< 1000
individuals left in the wild with a declining population trend, Pavey 2006, Bastille-Rousseau et al.
2011, Central Land Council 2015, IUCN 2015) has affected the activity of coprophilic invertebrate
communities attracted to their dung in bilby-remnant and reintroduction habitats.
Field locations, study dates and duration
We used field comparisons and experiments at three locations across arid/semi-arid Australia across
which mammal reintroductions were replicated (n=3). We also included one location where greater
bilbies persisted in the wild as a remnant population, which was used for the coprophilic invertebrate
surveys in addition to the sanctuaries (Figure 2, Table 2). The studies presented in this thesis are the
first to truly replicate the effects of mammal reintroduction; previous research has focused on single
locations (James and Eldridge 2007, Gibb 2012, Clarke et al. 2015, Silvey et al. 2015, Moseby 2015).
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The reintroduction sanctuaries were Arid Recovery (30°33’55.38’’S, 136°55’3.85’’E), Scotia
(33°8’9.00’’S, 141°11’33.00’’E) and Yookamurra sanctuaries (34°31’19.38’’S, 139°28’31.91’’E).
Arid Recovery is a conservation initiative partly funded by BHP Billiton, The University of Adelaide
and the SA Department for Environment, Water and Natural Resources. Scotia and Yookamurra
Sanctuaries are owned and managed by the Australian Wildlife Conservancy. The remnant bilby
population was located at Sangster’s Bore in northern Australia (23°52’29.00’’S, 130°19’59.99’’E). It
is located within the Northern Tanami Indigenous Protected Area (approx. 4 million ha, Central Land
Council 2015), under the ownership of the Warlpiri (Figure 2). Field preparations (vegetation surveys
and experimental set-up) for termite experiments and surveys were conducted in February 2012 and
sampling occurred in August and September 2012. Sampling of coprophilic invertebrate communities
was performed between August and September 2013.
One of the benefits of replication across sanctuaries is the opportunity to add further insights into the
influence of covariates that act across greater scales which are lacking in single-site studies (see
Synthesis paper). Climatic conditions, land-use histories, reintroduced mammal densities and
extinction/reintroduction timelines were some of the main factors which varied across the locations
(Table 2).
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Figure 2. Names and positions of the four locations used in this study. Native mammal assemblages have been
reintroduced inside fences (bold lines below photographs) at Arid Recovery (AR), Scotia Sanctuary (SS) and
Yookamurra Sanctuary (YS). Reintroduced mammals are locally extinct outside the fences, where introduced
predators (cats and foxes) are present. There are no introduced predators inside the sanctuary fences. There
were no reports of introduced-predator breaches into any of the sanctuaries for the duration of this study.
Reintroduction sanctuaries were used for experiments and observations in all research chapters. A remnant bilby
population occurs at Sangster’s Bore, which is part of the Northern Tanami Indigenous Protected Area.
Introduced predators and other non-native species are also present. Sangster’s Bore (SB) was used in research
Chapter 3 to compare coprophilic invertebrate communities associated with a remnant bilby population against
those in the reintroduction sanctuaries. Bilbies were one of the few native mammals with remnant mainland
populations which were also reintroduced at all sanctuaries. Red shading over the sanctuary maps indicates the
areas in which sampling was conducted. The photographs give an indication of the vegetation profiles at each
location. Sangster’s Bore is a sacred site and could not be photographed, the image provided shows a location
approximately 20 km away from the Bore along the Tanami track with similar vegetation. The map of Australia
displays the continental aridity gradient. Aridity indices are calculated as the total annual precipitation/total
annual evapotranspiration. Smaller values along the scale (reds) are more arid than those with larger values
(blues).
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Table 2. Attributes of the locations used in this study: (a) Geographic locations, areas conserved, reintroduction histories and climatic features, (b) vegetation classes, soils
and productivity, and occurrence/ historic stocking densities of (c) introduced, and (d) native mammal species of national significance/conservation significance. Mammals
are present as reintroduced assemblages at Arid Recovery, Scotia Sanctuary and Yookamurra Sanctuary. The bilby population at Sangster’s Bore is a naturally-persisting
remnant (focal species used in research Chapter 3). Superscript indicates source materials for each section.
(a) General attributes
Location
Arid Recovery
Scotia Sanctuary
Yookamurra Sanctuary
Sangster’s Bore
Coordinates
Longitude 30°33’55.38’’ S
33°8’9.00’’ S
34°31’19.38’’ S
23°53’29.00’’ S
Latitude 136°55’3.85’’ E
141°11’33.00’’ E
139°28’31.91’’ E
130°19’59.99’’ E
Area a, b
Fenced 6000 ha
8000 ha (4000 ha observed)
1092 ha
Conserved/Owned 12,300 ha
Approx. 4 million ha
64,659 ha
5026 ha
a, b, o, p
Conservation history
Initially established 1997
2007
1994
1990s
Reintroductions commenced 1998
n/a
2004
1990s
Greater bilbies last recorded 1930’s
Continuous occupation
1899-1901
1840-1866
Greater bilbies reintroduced 2000
n/a
2004
1996
Climatic features c, d
Aridity index 0.04
0.10
0.14
0.22
20-yr annual rainfall mean 149.9 mm
286.5 mm
304.8 mm
481.4 mm
20-yr annual max. temp. mean 28.9°C
25.8°C
22.5°C
35.3°C
20-yr annual min. temp. mean 26.3°C
22.3°C
21.0°C
32.0°C
Agroclimatic designation Desert
Desert
Semi-arid
Mediterranean
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Table 2b and 2c.
(b) Vegetation, soils and productivity
Arid Recovery

Scotia Sanctuary

Acacia shrub land

Mallee wood &
shrub land
Eucalyptus
dumosa,
E. gracilis
Mixed chenopods
Triodia scariosa,
Dodonea sp.
Eremophila sp.
Senna spp.
0.0072 Kg.C m-2
0.1773 EVI
Rudosols/tenosols

Location
Yookamurra Sanctuary

Sangster’s Bore

Mallee wood & shrub land

Hummock grassland

E. dumosa,
E.gracilis

E.brevifolia

Mixed chenopods
Dodonea sp.,
Eremophila spp.
Senna spp,
Westringia rigida.
0.0124 Kg.C m-2
0.2204 EVI
Kandosols

Triodia pungens
T. schinzii

Vegetation c
Class
Main overstory

Main understory

Gross primary production c
Enhanced vegetation index c
Soils e

Acacia ligulata

Mixed chenopods
Crotalaria eremea

0.0043 Kg.C m-2
0.1232 EVI
Kandosols

0.0048 Kg.C m-2
0.0966 EVI

(c) Introduced mammals
Livestock f, g, h
Lease type
Cattle (Bos taurus)
Sheep (Ovis aries)

ex-pastoral
0.02-0.1 head ha-1
0.03-0.08 head ha-1

ex-pastoral
0.06-0.1 head ha-1

ex-pastoral
Approx. 0.1 head ha-1

livestock route
Approx. 1500 total
-

Cat (Felis catus)
Red fox (Vulpes vulpes)

Present
Present

Present
Present

Present
Present

Present
Present

Boar (Sus scrofa)
Camel (Camelus dromedarius)
Donkey (Equus asinus)
Goat (Capra aegagrus hircus)
Horse (Equus caballus)
Rabbit (Oryctolagus cuniculus)

Present
Present
Present

Present
Present
Present

Present
Present
Present

Approx. 1200 total
Approx. 500 total
Approx. 600+ total
Present

Predators i
Other i
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Table 2d. Densities
(d) Reintroduced mammals

Function
Engineering

Arid Recovery

Burrowing

0.44 bettongs.ha-1

0.30 bettongs.ha-1

0.20 bettongs.ha-1

< 1000 total

Burrowing

0.08 bilbies.ha-1

0.09 bilbies.ha-1

0.03 bilbies.ha-1

Potential historic
occurrence

-

- (failed)

0.05 numbats.ha-1

0.06 numbats.ha-1

-

< 1000
(2008, decreasing)

Omnivore

-

Present

Present

-

-

Approx. 4000
(2008, stable)

Insectivore

-

Present

-

-

-

Approx. 5000
(2014, stable)

Trophic
Main focal species a, b, j, k
Greater bilby Omnivore
(Macrotis lagotis)
Burrowing bettong Omnivore
(Bettongia lesueur)
Other threatened species a, b, l, m, n
Numbat Insectivore
(Myrmecobius fasciatus)
Greater stick nest rat
(Leporillus conditor)
Western barred bandicoot
(Perameles bougainville)

IUCN pop’n.
estimate (year,
trend) n

Location
Yookamurra
Scotia Sanctuary
Sanctuary

Sangster’s Bore

< 10,000
(2008, decreasing)
Approx. 6030
(2008, increasing)

Bridled nailtail wallaby Herbivore
Present
Approx. 2000
(Onychogalea fraenata)
(2016, stable)
Brush-tailed bettong Omnivore
Present
Present
Potential historic
Approx. 10,000
(B. penicillata)
occurrence
(2008, decreasing)
Rufous hare wallaby Herbivore
Present
Locally extinct
120?
(Lagorchestes hirsutus)
(2008, decreasing)
Non-threatened species (present but not reintroduced) a, b
Red kangaroo Herbivore
Present
Present
Present
Present
‘abundant’
(Macropus rufus)
Western grey kangaroo Herbivore
Present
Present
Present
Present
‘abundant’
(M. fuliginosus)
Eastern grey kangaroo Herbivore
Present
‘abundant’
(M. giganteus)
Wombat Herbivore
Burrowing Present
Approx. 30,0000
(Lasiorhinus latifrons)
(2016, decreasing)
Echidna Insectivore
Present
Present
‘locally common’
(Tachyglossus aculeatus)
(2008, stable)
Sources: a. Australian Wildlife Conservancy/Arid Recovery, b. (Central Land Council 2015), c. (Australian Virtual Herbarium 2015), d. Australian Bureau of Meteorology,
e. (Morton et al. 2011), f. (Read 1999), g. (Westbrooke 2012), h. (Squires and Bennett 2004), i. (West 2008), j. (Bice and Moseby 2008), k. (Eldridge and James 2009), l.
(Calaby 1960), m. (Ryan et al. 2003), n. (IUCN 2015), o. (Marlow 1958), p. Matthew Hayward, pers. comm.
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Climatic conditions and vegetation
The three reintroduction sanctuaries are located along an aridity gradient. Arid Recovery is the most
arid of the sanctuaries, followed by Scotia Sanctuary and then Yookamurra Sanctuary, which is the
least arid sanctuary (Figure 2, Table 2a). Annual rainfall patterns are relatively similar at the
sanctuaries (Figure 3a), whereas rainfall at Sangster’s Bore follows a ‘boom and bust’ pattern, where
the majority of rain falls over a very short period and is closely linked to the El Nino/La Nina cycle
(Holmgren et al. 2006, Morton et al. 2011). Sangster’s Bore also has the highest average annual
temperature of the four locations (Figure 3b), and it has an aridity index similar to Scotia Sanctuary
(Table 2a, Figure 2). The climatic conditions at each location play a major role in the vegetation
classes present (Table 2b, Morton et al. 2011). Sangster’s Bore and Arid Recovery are considered
desert habitats, supporting more open vegetation with less ground cover than Scotia and Yookamurra
sanctuaries, which are respectively classified as semi-arid and semi-arid/Mediterranean vegetation
(Table 2a, Australian Virtual Herbarium 2015).

Figure 3. (a) Twenty–year average rainfall and (b) temperature illustrating the climatic conditions at the four
locations used in this study. Source: (Australian Bureau of Meteorology). Figure reproduced from research
Chapter 3.
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Land-use histories
All four locations have been exposed to different levels of livestock grazing (sheep and cattle) and to
the presence of other introduced species, including horses, goats, camels, rabbits, pigs, foxes and cats
(Table 2c. Read 1999, West 2008, Westbrooke 2012, Central Land Council 2015). Both historic
livestock (Table 2c) and current reintroduced native mammal densities (Table 2d) are affected by
aridity, which limits the overall maximum recommended carrying capacity across locations to 0.1
animals per hectare (Squires and Bennett 2004, Coggan et al. 2016).
Extinction/reintroduction histories
The reintroduction sanctuaries were established on ex-pastoral leases during the late 1990s, and the
reintroduction of locally extinct native mammal assemblages commenced in the early 2000s
(Australian Wildlife Conservancy 2015, Arid Recovery 2015, personal communications, Table 2a). In
research Chapter 3 we were particularly interested in the local extinction and reintroduction history of
greater bilbies for comparison of the sanctuaries against the remnant population at Sangster’s Bore.
Historical records indicate that the local extinction of bilbies was most recent at Arid Recovery
(Abbot 2002), and earliest at Yookamurra Sanctuary (Ovington 1978). Reintroduced mammal
assemblages (including bilbies) have been established for slightly longer periods at Arid Recovery
and Yookamurra Sanctuary than at Scotia Sanctuary (Table 2a).
Reintroduced mammal assemblages
A number of the critical weight range mammals reintroduced inside the sanctuaries are insectivores or
omnivores and they will consume insects, arthropods, or plant matter as it becomes seasonally
available(Table 2d, Ryan et al. 2003, Bice and Moseby 2008). At least two of those species (greater
bilbies and burrowing bettongs) create significant amounts of soil disturbance inside reintroduction
sanctuaries (i.e. Eldridge and James 2009). Bilbies are the only reintroduced native mammal species
present at all three sanctuaries that also have surviving populations on the Australian mainland (Pavey
2006, Central Land Council 2015, IUCN 2015). Kangaroo species (Macropodidae) are the main
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native mammal to persist without significant population declines across all locations in modern
history. We included these to illustrate the intact native mammal fauna common to most locations
(Table 2d).
Sampling regimes
Each sanctuary enclosed reintroduced native mammal assemblages inside a large, feral predator-free
habitat (Figure 4). This enabled us to compare the effects of mammal reintroduction inside each
enclosure, against control habitats outside, where reintroduced mammal species were locally extinct
(Figure 5). The fences and sanctuary grounds are patrolled daily to rapidly detect and control any
potential incursions by introduced predators and other feral species. Incursions are extremely rare, and
no breaches were reported or detected by authorities for the duration of our study. We used a paired
sampling regime at all locations to compare between control (mammals absent) and
reintroduction/bilbies present habitats. Six paired sampling sites were used to observe termite
responses that we describe in Chapters 1 and 2. The distance between pairs was at least 1 km where
possible, and each control site was separated from its reintroduction partner by at least 300 m (Figure
5a). In Chapter 3, we sampled coprophilic invertebrates at 15 paired sites to increase detection of
potential invertebrate species (Figure 5b-c). Sangster’s Bore is not a fenced conservation sanctuary
(the land is protected for conservation and indigenous ownership). We therefore sampled coprophilic
invertebrates in habitat where bilbies were present and compared these against control sites at least
600 m distant; in habitat what bilbies that was not occupied by bilbies (Figure 5c). Pairing between
control and reintroductions was necessary to control for spatial autocorrelation of environmental
variables which could influence responses at each location, such as vegetation, soil type, and local
climate conditions (Hurlbert 1984).
Figure 4. Native mammal assemblages have been reintroduced at Arid
Recovery, Scotia Sanctuary and Yookamurra Sanctuary. This photo
illustrates the fence which separates reintroduced native mammals inside the
sanctuary (where the man is standing) from introduced predators (cats and
foxes) outside the sanctuary. Habitat outside the sanctuaries was used as a
control for the presence of reintroduced mammals. Introduced species are
kept at low levels in the habitat surrounding each sanctuary through a
combination of poison-baiting, trapping and shooting. This photo was taken
at Yookamurra Sanctuary.
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Figure 5. Paired sampling regimes at the four locations used in this study compared invertebrate responses
inside sanctuaries where mammals were reintroduced against control habitats where they were absent (locally
extinct). Mammal reintroductions were replicated three times (Arid Recovery, Scotia and Yookamurra
sanctuaries, n=3). The remnant bilby population (Sangster’s Bore, n=1) could not be replicated. Pairs at
Sangster’s Bore were located in habitats where bilbies were present and compared against habitats that were not
occupied by bilbies. (a) Six paired sampling sites were used for termite observations in Chapters 1 and 2. (b-c)
Fifteen paired sampling sites were used for coprophilic invertebrate observations in Chapter 3.
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Summary
1. Ecosystem engineers and the structures they create can alter species diversity and ecological
processes. Their impacts have been widely studied for terrestrial systems, but global trends in research
methods have not been synthesised.
2. We synthesised contemporary understanding of engineer fauna in terrestrial habitats and
assessed the methods used to document patterns and processes. We asked three specific questions:
1.Which species act as ecosystem engineers and with whom do they interact? 2. What are the impacts
of ecosystem engineers in terrestrial habitats? 3. What are the primary methods used to examine
engineer effects and how have these developed over time? We considered the strengths, weaknesses
and gaps in knowledge related to each question.
3. We created a database of engineer species in peer-reviewed research articles to assess
experimental approaches and any additional covariates that influenced the magnitude of engineer
impacts.
4. One hundred and twenty-two species from twenty-eight orders were identified as ecosystem
engineers, performing five ecological functions. Burrowing mammals were the most researched group
(27%). Half of all studies occurred in dry/arid habitats. Mensurative studies comparing sites with and
without engineers (80%) were more common than manipulative studies (20%). These provided a
broad framework for predicting engineer impacts upon abundance and species diversity. However,
the roles of confounding factors, processes driving these patterns, and the consequences of
experimentally adjusting variables, such as engineer density, have been neglected. True spatial and
temporal replication have also been limited, particularly for emerging studies of engineer
reintroductions.
5. Anthropogenically-driven climate change and habitat modification will challenge the roles that
engineers play in regulating ecosystems, and these will become important avenues for future research.
We recommend that future studies include simulation of engineer effects and experimental
manipulation of engineer population densities to determine the potential for ecological cascades
through trophic and engineering pathways due to functional decline. We also recommend improving
knowledge of long-term engineering effects and replication of engineer reintroductions across
landscapes to better understand how large-scale ecological gradients alter the magnitude of
engineering impacts.

Keywords: biodiversity, conservation, ecological methods, ecological function, functional
extinction, functional redundancy, reintroductions, spatial and temporal replication
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Introduction
Conserving and restoring ecological communities, their processes and interactions are top
priorities in remediating the negative consequences of our ongoing global biodiversity crisis.
In an era of ‘conservation triage’ (e.g. Bottrill et al. 2008), evidence suggests that focusing on
the persistence of species that interact with a broad range of other species directly or
indirectly, e.g. as umbrella species, keystone species or ecosystem engineers, is an
acceptable, if controversial, method of maximising conservation outcomes, given limited
time and funds (e.g. Caro 2010). Ecosystem engineers are species whose actions have
significant impacts upon the physical structure of their habitats and the organisms that live in
them (Jones, Lawton & Shachak 1996). Their impacts are primarily the result of physical
interactions (e.g. Davidson, Detling & Brown 2012), which distinguish engineering from the
purely trophic interactions of keystone species, such as predation by wolves (Leibold 1996).
Additionally, engineering effects also persist in habitats long after their creators have moved
on, for example, through seasonal migration or colony death (Lawton & Jones 1995),
meaning that their activities may leave a long-term legacy upon biotic communities.
Engineering species therefore play a significant role in the ongoing and complex challenge of
conserving biological diversity. Engineered habitats tend to support greater species diversity
than their surroundings because they maintain resources that are not otherwise available in an
environment (Casas-Crivillé & Valera 2005). This can also influence the abundance or
distribution of other species by altering habitats and resources (e.g. Martinsen et al. 2000),
leading to changes in assemblage composition and function.
To conserve biodiversity, we must understand ecological communities and the processes and
interactions that create them. Ecosystem engineers link both the trophic and physical (habitat)
aspects of communities and their interaction networks (Sanders et al. 2014). Minor declines
in species density can significantly alter ecological communities and their functioning by
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disrupting biotic interactions on multiple fronts (Säterberg, Sellman & Ebenman 2013). It
follows that the same is true for engineers, with greater impacts due to their pivotal role in
maintaining ecosystems. Contemporary research into ecosystem engineers has focussed on
their impact on species diversity and, increasingly, on their potential as agents of ecosystem
restoration (Byers et al. 2006). Here, ecosystem engineers are anticipated to expedite
ecological recovery by reinstating ecosystem functions following species declines (Manning,
Eldridge & Jones 2015), and by facilitating the re-establishment of other threatened species
(e.g. Hayward et al. 2015). Functional extinctions of engineer species (Silvey, Hayward &
Gibb 2015; McCullough Hennessy et al. 2016) are also an increasing point of concern for
conservation and ecosystem restoration. Determining appropriate densities of engineer
species required for habitat restoration can conflict with population targets for species
conservation, as high densities of any species can lead to overexploitation of resources and
ecosystem degradation (Verdon, Gibb & Leonard 2016).
Recent meta-analyses have assessed the role of engineer species in promoting species
richness (Romero et al. 2015), and have reviewed the broad body of research into the
influences of small mammalian engineers (Davidson, Detling & Brown 2012; Root-Bernstein
& Ebensperger 2013). No recent studies have synthesised the strengths and weaknesses of
our understanding of engineer species impacts on other species in terrestrial habitats.
Furthermore, the methods used to examine engineering interactions have not been critically
assessed, an issue that is particularly pertinent, given growing awareness of the potential
applications of engineer functions in conservation and restoration. Our aim was to synthesise
contemporary understanding of land animals as engineers and to assess the strengths and
weaknesses in the methods used to document patterns and processes. We asked three specific
questions: 1.Which species act as ecosystem engineers and with whom do they interact? 2.
What are the impacts of ecosystem engineers in terrestrial habitats, and how are they
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distributed? 3. What are the primary methods used to examine engineer effects and how have
these developed over time? We considered the strengths, weaknesses and gaps in knowledge
related to each of these questions. Further, we publish our database here as a springboard for
future research.

Review of the literature
We focussed on peer-reviewed research and review articles that addressed interactions
between animal ecosystem engineers and biotic communities in terrestrial habitats. We used
internet databases (Scopus, Web of Knowledge, Web of Science, and Google Scholar) to
collect peer-reviewed research published prior to 2016. We sought articles with variations on
the term ‘ecosystem engineer*’ in the title, abstract or keywords. Studies of partially aquatic
engineer species, such as water voles (Arvicola amphibius) and beavers (Castor spp.), were
only included where outcomes for terrestrial communities were described. Note: Ecosystem
engineering does not include trophic interactions such as predation and seed dispersal, as
these are considered ‘keystone’ rather than ‘engineering’ outcomes (e.g. Mills et al. 1993),
although it is possible for species to fulfil roles as both keystone species and as ecosystem
engineers1. We limited potential sources of bias in our search by using multiple search
engines and by using the same search criteria across all search engines (Haddaway et al.
2015). One of the limitations of our review is that our search conditions may exclude papers
on species which function as ecosystem engineers, but have not been recognised as such, or
where their function was not the focus of the research (hence the term ecosystem engineer*
would not be present in the title/abstract/keywords). We therefore conducted an additional
ad-hoc search that was informed by our awareness of species whose behaviour was similar to
that of engineer functions (e.g., they were known to forage by digging). The main outcome of
1

Further developments of this paper under major revision for submission to The Journal of Animal Ecology will include
discussion regarding the delineation of engineering functions. (October 2017)
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this approach was the inclusion of papers where the trophic and engineering functions of
species both contributed to interaction outcomes (e.g. Beck 2006), although we were still
limited by our awareness of species (e.g. species we have not heard of).

Database compilation
In our review of the literature, we collected 212 peer-reviewed articles, of which 174 were
empirical papers and 38 were reviews. We constructed a database from our literature search
and classified engineer species by their primary ecological function (Appendix 1). We were
specifically interested in research that focussed on engineer interactions with flora and fauna,
rather than research that focused only on the biology of the engineer species. We documented
the ecological functions of engineer species as reported by study authors. These were
burrowing, soil manipulation, nest building, and plant manipulation (referring to non-trophic
actions that modify plant structure, for example, by curling leaves for shelter), the species
interacting with engineers, which we categorised by taxonomic groups (e.g. plants), and the
measure of impact (e.g. biomass). We recorded the outcomes of interactions between
engineers and other organisms using a common set of responses. These were: the specific
effect of engineering functions at the habitat, population/individual or community level; the
response recorded for the interacting organism (e.g. abundance); the effect of the interaction
(e.g. increase, decrease); and any additional covariates that influenced the impacts of
engineers (e.g. climate). We were also interested in the global distribution of research efforts
and the variety of approaches used to study engineering interactions and their development
over time. We recorded the coordinates of study sites and their associated biomes (defined
according to WWF classifications and Olson et al.(2001)), as well as the experimental
approaches, e.g. exclusions, methods, e.g. mensurative vs. manipulative experiments, and
contextual factors, e.g. engineer density, ecological gradients, applied in each study.
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1. Which species act as ecosystem engineers and with whom do they interact?
The 212 articles we collected covered the interactions of 121 engineer species across four
taxa (Appendix 1). The potential impacts of engineering on habitats, populations, individuals
and community outcomes have been most thoroughly observed in mammals (56% of
ecosystem engineer species) and invertebrates (30%), particularly through their function as
burrowers (Figure 1a)(also see Root Bernstein and Ebensperger 2013). The largest proportion
of interactions for all engineer groups were attributed to burrowing engineers (45%),
followed by nest-builders (16%) and herbivores (12%; structural impacts only) (Appendix 1).
Soil manipulation (7%) and leaf-structuring (9% of research) were reported less often. Leafstructuring was only performed by invertebrate engineers, and this was the second-most
reported function for invertebrates, after burrowing. Animals also affected other species
through their trophic roles, which expanded their influence upon ecosystems. Studies of
mammal engineers were disproportionately abundant, considering the number of known
terrestrial species by taxon (Figure 1a; 0.44% of terrestrial species). Most attention was paid
to beavers (Castor species), prairie dogs (Cynomys species) and deer (Cervus species), in
association with their status as threatened (prairie dogs) or introduced species (beavers and
deer) (Fig. 1b). Although the large size of mammals may make their engineering impacts
more important (as well as more obvious), it is likely that the underrepresentation of nonmammalian engineers in research indicates that their contribution has been underestimated.
For example, the contribution of birds as engineer species (13% reported species) is
becoming increasingly recognised (Sekercioglu 2012), and birds are already well known for
their important contributions to seed dispersal (Poulsen et al. 2002). Reptiles (4% reported
species) have been less-studied. However, tortoise introductions have provided insights into
the challenges of functional substitution following engineer extinction on islands (Hunter &
Gibbs 2014), (Appendix 1). Underrepresentation of invertebrates in ecosystem engineering
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studies likely echoes their underrepresentation in most areas of ecological research.
Invertebrates make up approximately 98 % of terrestrial biodiversity, suggesting the majority
of ecosystem engineers are likely to be invertebrates. For example, the estimated global
biomass of termites alone is 139.22 g.m2, within their available habitat of 72.35x1012 m2
(Sanderson 1996).
The organisms that were most often reported to interact with ecosystem engineers through
habitat modification as well as through trophic pathways included invertebrates, plants and
mammals; interactions with fungi and soil microbes, birds, reptiles and amphibians were also
reported (Figure 1c). Interactions with invertebrates (27%) and plants (29%) as either
individual species or as communities were the most widely reported. Increases in abundance
and species diversity were the main focus of interactions with invertebrates, and these
highlighted changes in community structure between predator and prey groups as an indirect
result of the presence of engineer species (Takada et al. 2008). Engineer interactions with
plants and plant communities induced a range of reliable secondary responses in biomass or
cover associated with engineer impacts on soil nutrient and physical properties (12% of
interactions). There was no consistent change in response to engineering. Rather, functions
with high soil disturbance effects (primarily burrowing, less so for soil manipulation) tended
to remove plant cover and change community composition. These changes flowed through to
animal communities, particularly invertebrates, which were affected by modified habitat
complexity (Eldridge, Costantinides & Vine 2006). The trophic functions of herbivorous
engineers further altered the structure of plant communities, either through the consumption
and redistribution of reproductive bodies, or general herbivory (e.g. Verdon, Gibb & Leonard
2016). Mammals (13%), birds (7%), amphibians (5%) and reptiles (7%) were less frequently
documented to interact with engineers (Figure 1c). Mammal abundance and species diversity
were influenced by the presence of mammalian engineer species that manipulated shelter
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availability as different mammal species often required similar shelters. Fewer mammal
interactions were reported for bird, invertebrate or reptilian engineers, but the outcomes of
these interactions were very similar to those of mammalian engineers. The reproductive
success and longevity of bird species was a major focal point for engineer interactions,
particularly with birds that were also ecosystem engineers (Casas-Crivillé & Valera 2005).
Interactions with non-bird engineers generally reported the opportunistic use of burrows
(Whittington-Jones et al. 2011). For amphibians and reptiles, the creation of thermal refugia
and water-collecting hollows by soil-manipulating engineers played an important role in their
ability to survive in shade and water-limited habitats, or during drier seasons (e.g. Ransom
2012). Fungi and microbial communities were least reported in studies (4%). The species
richness and composition of these groups was the main focus of research, particularly as a
response to soil disturbance by burrowing engineers (Eldridge et al. 2016), and in response to
the reintroduction of engineer species following regional extinction (Clarke, Weyrich &
Cooper 2015).
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Figure 1. Summaries of a) publications reporting or reviewing ecosystem engineering interactions, with global species estimates and number of named engineer species (n.b.
some publications did not specify a species name) in text above columns, b) count of publications where the engineer species is identified as rare, exotic or reintroduced, and
c) proportion of interactions with other taxa reported by research.
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2. What are the impacts of ecosystem engineers in terrestrial habitats, and how are they
distributed?

Bioturbation
Bioturbation describes the physical process of soil mixing (Berke 2010). It is considered to be
a primary engineering function in grassland (Davidson, Detling & Brown 2012) and arid
habitats (Whitford & Kay 1999), where 50% of the study sites were located (Figures 2 and 3).
Changes in soil properties as a direct result of bioturbation by both invertebrate and
vertebrate burrowing engineers generated distinct patterns of plant community composition
and diversity, which were enhanced by the indirect effects of engineered soil properties on
the productivity, biomass and growth rates of plant species (e.g. Whitford & Kay 1999),
(Figure 3). Although engineered soil enhances seed germination in laboratory conditions
(James, Eldridge & Hill 2009), the combination of consistent soil disturbance and altered soil
nutrient concentration hinders recruitment of some plant species, an important driver of plant
assemblage structure, particularly in drier habitats (e.g. Bancroft, Roberts & Garkaklis 2005).
Further, the net effect of engineer foraging can also have significant impacts on plant
communities and plant cover when engineers are also herbivores (Verdon, Gibb & Leonard
2016). Finally, changes to leaf litter decomposition rates resulting from bioturbation may
have cascading effects on the rate of spread of fire and flame height (i.e., on the intensity of
fires, Nugent et al., 2014), with further feedbacks to plant community structure (Hayward et
al. 2016). Changes in plant communities commonly cascaded through to animal communities
(e.g. Joseph et al. 2011). Engineer-driven physical changes to the small-scale topography of
landscapes, including burrow spoil and termite mounds prolonged plant survival by creating
physical barriers against browsing or fire (Joseph et al. 2011), influenced patterns of plant
germination by trapping seeds (James & Eldridge 2007), and improved plant health due to
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high nutrient content (Streitberger & Fartmann 2013). Consumers of those plants therefore
benefited indirectly from ecosystem engineering. Burrows increased survival and longevity
of other burrow users (e.g. Bartel, Haddad & Wright 2010). Favourable thermal
microclimates inside nests and burrows were often cited as an explanation for these benefits,
although few papers empirically tested this hypothesis (Sinclair & Chown 2006). Vertebrate
burrows also facilitated thermoregulation in shade-limited habitats (Lane & Shine 2011), and
this was particularly important in dry/arid habitats, where the majority of studies testing
theories related to thermal benefits were conducted (Figure 2).
Sixteen percent of research papers described impacts of burrowing invertebrates. These were
either earthworms (64 %), mound-building termites (18%), or harvesting or leafcutter ants
(18%, Appendix 1). While there was no strong geographic bias in study sites, studies
emphasised the influence of ‘novelty’ of created structures in determining which species
drew attention as engineers. Burrowing invertebrate engineers included earthworms (studied
primarily in cool/temperate habitats of North America as an invasive species) and social
insects (ants and termites, generally studied in dry/arid Africa), and tropical/subtropical
habitats (South America, Africa), (Appendix 1, Figure 2). Soil transport in dry/arid habitats
was performed predominantly by mound-building termites (Macrotermes) in southern
African savannas, and harvester ants (Messor and Pogonomyrmex) in semi-arid deserts and
xeric shrublands farther north around Israel (Negev) and the border of USA and Mexico
(Sonora, Chihuahua) (Figures 2 and 3). Studies of mound-building termites (Macrotermes)
and harvester ants (Messor and Pogonomyrmex) contributed most to knowledge of soil
particle and nutrient transport by invertebrate burrowers in arid habitats. Invasive earthworm
species in North America were the main study group used in temperate broadleaf forests
(Figure 2), where they have also altered the structure of forest floor by consuming plant
debris (Bohlen et al. 2004). This focus on ‘interesting’ species has informed much of our
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expectations of burrowing invertebrate contributions to soil creation and conditioning. On the
other hand, it also overlooks the function of less-noticeable species, such as funnel-building
ants, Aphaenogaster, (Richards 2009), and limits insights that could contribute to our
understanding of issues such as functional redundancy.
Vertebrates and invertebrates differed sightly in the mechanisms through which they caused
soil mixing: invertebrate engineers (55% of ‘burrowing’ studies) directly altered soil nutrient
availability and structure by selectively transporting and concentrating organic materials,
forming fertile patches. Vertebrate burrowers accounted for the remaining 45% of research,
of which 87% were mammals, 5% were birds, and 8% were reptiles. Vertebrate burrowers
incorporated larger, coarse organic particles, decreased soil compaction and increased bare
ground cover close to burrows or foraging pits. Research in Australia and New Zealand was
almost exclusively devoted to burrowing engineers. Three of the eight species studied were
reintroduced species. Because these engineers were reintroduced after long periods of
regional extinction, it was possible to observe how the presence of burrowing species could
not only facilitate the survival and establishment of other threatened species (Hayward et al.
2015), but was also strongly associated with changes in ground-dwelling arthropod, fungal
and microbial communities (Clarke, Weyrich & Cooper 2015; Silvey, Hayward & Gibb
2015; Eldridge et al. 2016), and changes in abundance and behaviour that affected the
function of other engineers (Coggan, Hayward & Gibb 2016). The role of all burrowing
species (particularly vertebrates) in supporting diversity by providing shelter is reflected in
observations globally (see reviews by Davidson, Detling & Brown 2012; Root-Bernstein &
Ebensperger 2013). While the Australian examples lack historical baselines against which to
compare contemporary ecosystems, they are a useful indicator of the responses by plant and
animal communities to the activity of burrowing engineers.
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Structural engineering
Structural engineering describes the creation of physical structures by engineer species
(Berke 2010), essentially changing the complexity of plant and soil habitats (e.g. Landman &
Kerley 2014). The impacts of engineer functions on habitat structures and shelter availability
were among the most-observed engineer interactions (Appendix 1). Structural engineering
was more important for animal communities than it was for plants, although this does not
imply that plant communities were not affected. Animal communities are thought to benefit
because complexity increases shelter availability, improving survival and facilitating
increases in condition and abundance (Figure 3). Greater species richness is also associated
with more complex environments. Suggested mechanisms for the increase in diversity
include: improved ease of escape from predators (Pringle 2008); facilitation of foraging for
smaller mammal species (Valeix et al. 2011); and provision of favourable thermal conditions
for ectotherms that enable higher rates of feeding and growth (Sinclair & Chown 2006).
Engineers that altered plant structure accounted for 23% of all studies. These included 19
vertebrate species (11 megaherbivores, 5 smaller herbivores, 3 reptiles) and 16 invertebrate
species. The megaherbivores were predominantly studied in European cool/temperate forests
or in African savannahs. Smaller herbivore species were the focus of research in North and
South America (grasslands and dry forests) and central Asia (steppe). Herbivorous engineers
were less common in tropical habitats, where studies focused on the substitution of extinct
giant tortoise (Chelonoidis abingdonii) with functionally-similar species (Hunter & Gibbs
2014). In general, the direct effect of herbivorous engineers (usually megaherbivores) was
through mechanical damage to plants during herbivory. Damage by herbivorous structural
engineers affected species by altering variables such as refuge availability, which could
influence how effectively animals could hide from predators and access resources (Pringle
2008), and by influencing their food availability, leading to changes in population density and
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abundance. We could only find one example of manipulative research conducted on
herbivorous vertebrate engineers (Pringle 2008), which implies that our knowledge of their
function beyond correlations with species abundance and diversity is heavily reliant on
mensurative observations without the benefit of randomly assigned, independent treatments
and controls, and replication. This will be discussed in further sections.

In contrast, manipulative research was more consistently applied to engineers that altered leaf
structure. Leaf-structuring engineers were exclusively arthropods, and they were most
frequently studied in temperate broadleaf forests of North America, but were also studied in
South America (Figure 2). In South America, leaf cutter ants were primarily considered for
their nest building function, but their herbivory (not strictly an engineering function in this
case) also made significant changes to microclimates above nests and along the foraging
route to their favourite trees. In comparison, leaf structurers in North America (predominantly
Lepidoptera and some non-hymenopteran arthropods), directly modified the physical
characteristics of their host plants by creating shelters out of stems and leaves (Baer &
Marquis 2014). These changes increased invertebrate species diversity at multiple trophic
levels: directly, the shelters augmented existing habitats provided by plants, and indirectly, by
attracting predators and parasites to the system that would exploit additional inhabitants
(Figure 3, Fournier et al. 2003). Increased habitat complexity provided protection against
predation by creating more hiding places for prey, extending evidence that habitat complexity
filters species diversity through body size-related morphological traits (Kaspari & Weiser
1999).

Nest-building and soil-manipulating engineers were relatively less-studied than burrowing
and plant-manipulating species. They contributed to structural complexity in habitats, which

34

generally bolstered animal abundance and diversity, and influenced community structure.
Birds (six species) were studied across all climates, but most research occurred in
cool/temperate habitats, where the insulating properties of nests (including hollows and stick
nests) afforded growth benefits to invertebrates, in particular (Sinclair & Chown 2006).
Studies of mammalian nest-building species focussed predominantly on beavers, but also
included voles and arctic foxes. The effects of mammalian and reptilian nest-builders were
two-fold: the addition of waste products and the physical structure of the nests themselves
had impacts on soil nutrients and thus plant growth. This alteration in the structure of plant
communities then influenced the survival and abundance of invertebrate communities.

Neglected functions and trophic roles
The distinction between the trophic and functional roles of engineering species is one of the
recurring themes underlying research efforts (Sanders et al. 2014). However, trophic and
engineering functions are rarely considered in combination. Studies of the trophic impact of
species (mostly elephants and peccaries, but see Verdon, Gibb & Leonard 2016), which also
had engineering functions, were most numerous in tropical/subtropical habitats (Figure 2,
Appendix 1). These interactions primarily affected the distribution, dominance and/or
abundance of favoured plant species through the consumption and transport of fruits and
seeds (Silman, Terborgh & Kiltie 2003). In comparison, studies that focused on the
engineering functions of those same species revealed important contributions to the
survivorship and/or abundance of rainforest fauna (particularly amphibians, reptiles and
insects). These were not solely the result of trophic cascades from engineer foraging, but
were created through structural engineering in the form of soil manipulation, which in this
case prolonged survival by creating hollows where water and debris collected after rainfall
(e.g. Pringle 2008). Worryingly, declines of African elephants (Loxodonta africana,
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Kideghesho 2016), and peccaries (Pecari tajacu, Tayassu pecari) have been associated with
sharp declines in the flora that depend on them (Beck 2006). Their trophic role as seed
dispersers may thus be density-dependent (e.g. McConkey & Drake 2006), and would very
likely also have ramifications for fauna that rely on their engineering functions for survival.
The potential decline of native ecosystem engineers to functional extinction has been
documented globally, including in north and south America (e.g. Beck, Thebpanya & Filiaggi
2010) and Australia. A recent publication highlighted the role of engineers in maintaining
natural ecological/trophic cascades, which is likely to be the combined result of changes to
arthropod habitats caused by burrowing, and changes to the abundance of secondary
mesopredators (dune scorpions, Urodacus yaschenkoi) through predation, which then alter
the abundance of other arthropod prey ( Box 1, Silvey, Hayward & Gibb 2015). Although the
idea that engineering functions and trophic roles are not mutually exclusive is not new
(Sanders et al. 2014), there are still very few planned observations of engineer interactions
that at least consider, if not experimentally manipulate, both properties (Sanders & van Veen
2011).
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Figure 2. Global distribution of ecosystem engineering research in terrestrial habitats. Repeated functions and number of study sites occurring in the same location are
indicated by circle colour and size, respectively. Pie charts illustrate the proportion of research papers for the different functions. The size of the pie charts illustrates the
number of research papers in each biome class relative to one another. Trophic roles are included to illustrate the full range of studies where both engineering functions and
trophic roles are reported. The map is modified from Olsen et al., 2010.
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Figure 3. Conceptualisation of direct and indirect effects of animal engineers and overall outcomes for terrestrial ecosystems. Trophic functions are included as an example
of cases where engineering and trophic functions have combined ecological impacts. Looped arrows indicate interactions within communities or between individuals of the
same species.
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3. What are the primary methods used to examine engineer effects and how have these
developed over time?
To measure or manipulate?
The study of ecosystem engineers has gained popularity, as reflected by a steady increase in
publications since the concept was officially described (Jones, Lawton & Shachak 1996).
Apart from this, research questions and methods have tended to follow the same general
theme. The unifying focus across all studies was to compare engineering-impacted plant or
animal communities against controls where engineer impacts were absent. Mensurative
observations dominated the research literature (Maruyama et al. 2012) (79% of studies),
whereas fewer studies combined mensurative observations with manipulative elements (e.g.
Boughton & Boughton 2014) (13%), or used manipulative experiments (8%) to test
competing hypotheses (Figure 4a, e.g. Pringle 2008). Here, we consider the outcomes of
these studies in the light of limitations of these approaches.
Mensurative studies
Mensurative, or ‘observational’ studies take advantage of the natural variation in factors of
interest to describe patterns through passive comparison, i.e., without true experimental
manipulation. The widely-accepted associations between engineer presence and changes in
species abundance, diversity and soil properties are strongly rooted in mensurative
observation (Jones, Lawton & Shachak 1996; Romero et al. 2015), with particular focus on
describing natural patterns associated with their direct impacts (Figure 3). Surveys are the
core format of mensurative research (Figure 4b). They have been used to assert that
engineered habitats support or enhance biodiversity, leading to the development of the
hypothesis that engineers have profound impacts not only on the systems they manipulate,
but also on the diversity and abundance of species that those habitats support (Jones, Lawton
& Shachak 1996). However, because mensurative studies are not subject to the rigors of true
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experimental design (controls, randomisation, replication), they do not test the processes that
contribute to the patterns observed (Figure 3, Krebs 2010), limiting interpretation of
mechanisms (e.g. Box 1). Most mensurative studies were pseudoreplicated and used controls,
although these tended to be non-randomly assigned ‘natural controls’ (places where an effect
does not occur). Observational comparisons were commonly made between adjacent areas
with and without engineering impacts, e.g., comparing plant communities on termite mounds
against equivalent areas without termite mounds (e.g. Muller & Ward 2013) or comparing
areas within a reintroduction zone to those outside (e.g., Silvey et al. 2015). The
appropriateness of natural controls as a baseline for comparison against engineered habitats
was hindered by failure to consider inherent habitat properties that preclude the presence of
engineers in ‘control’ areas. The inability or failure, where opportunities exist, to dictate the
composition and independence of controls and to ensure randomisation of treatments (Shaffer
& Johnson 2008) can introduce bias into observations, obscure cause-effect relationships, or
suggest correlations that are false or inaccurate (Hurlbert 1984). Increasing the number of
replicates observed is not a sufficient solution for a lack of randomisation or true controls
(Anderson 2001). For example, site selection in conservation sanctuaries is often predetermined by land-availability, convenience sampling (e.g. collecting data at points along a
walking track or road, Anderson 2001), was also common. Studies of engineer
reintroductions have provided a variety of important insights into engineer impacts, including
changes to the functional structure of arthropod, microbial and fungal communities,
detritivore function and behaviour, and habitat availability. The results of these studies have
been a primary source of information for threatened species conservation. As with other
mensurative studies, the location of reintroductions is almost never randomly allocated and,
as a consequence, true controls do not exist. Further, before-after sampling in reintroductions
is rare, so there is often no baseline for comparison, thus knowledge of ‘appropriate’ densities
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is limited (e.g. Verdon et al. 2016). The enormous effort required to conduct reintroductions
also means that studies are often pseudoreplicated and rely on large sample sizes that are
unlikely to be truly independent (Hurlbert 1984, but see Coggan et al. 2016 for an example of
true replication at the appropriate scale).
Manipulative studies
Manipulative studies have greater utility in identifying the driving mechanisms behind
engineer impacts than mensurative studies because they require the elimination of competing
hypotheses by controlling sources of variation (e.g. Pringle 2008). However, they are more
practically applied to small-scale and short-term field studies. As a result, we identified few
manipulative studies at larger scales. Most commonly, exploration of mechanisms occurred at
smaller scales, such as at the scale of the leaf-shelter or foraging pit, where manipulations
could be more readily applied (e.g. Sinclair & Chown 2006). Thus, experimental
investigations of engineer interactions tended to focus on leaf curlers, whose constructions
could be mimicked in the field (Lill & Marquis 2003), and earthworms (Ransom 2012),
whose behaviour could be observed in laboratories and in the field as microhabitat-scale
experiments. Experimental exclusions of ecosystem engineers introduced a manipulative
element to mensurative surveys, particularly in reintroduction or translocation scenarios (e.g.
Hunter & Gibbs 2014). Exclusions measured the impact of absence as opposed to the
presence of engineering functions, and also the impact of reintroductions in introduced
predator-free habitats. The potential benefits of manipulative exclusions were flagged as early
as Jones et al. (1996), wherein engineering was first defined as an influential ecological
process. Manipulative studies of the impacts of ecosystem engineers are still rare and have
rarely disentangled the trophic and engineering impacts of species. Most truly manipulative
field experiments have tested impacts on invertebrates (e.g. Ransom 2012); only one has

44

examined impacts on vertebrates (Pringle 2008), probably because of the difficulties of
conducting manipulations at a relevant scale.
Spatial and temporal replication
Engineering impacts operate across different spatial and temporal scales. Temporal or spatial
replication can reveal how factors such as successional stage mediates impacts (Gibb 2011).
Spatial scales studied ranged from localised responses (e.g. at the location of an engineered
disturbance such as a burrow) to factors that varied within regions or at continental scales
such as climate (e.g. Erpenbach et al. 2013), (Figure 4c). 56% of research was conducted at
the microhabitat scale (areas or distances less than 5 m or m2), followed by macrohabitat
(patch, up to 1000 m or m2 15%), and landscape-scale studies (11%, > 1000 m or m2).
Studies at the landscape and macrohabitat scales appeared logical in terms of the general
body size of the engineer groups. For example, mammalian megaherbivores would be
expected to have landscape-scale impacts (Coverdale et al. 2016), whereas relatively
sedentary species such as tortoises would not (Hunter & Gibbs 2014). Observations that
encompass broader landscape scales are challenging to replicate, but they can capture
phenomena that may be moderated over long distances, or highlight the importance of local
context on engineering outcomes (Coggan, Hayward & Gibb 2016). The majority of all
research publications reported engineering impacts and interactions as snapshots in time
(87% of studies), with very few studies tracking impacts or interactions across longer periods
(13%) (Figure 4b, e.g. Ringler, Hödl & Ringler 2015). In snapshot surveys, responses such as
changes in abundance and diversity were detectable within periods of study across the shorter
experimental observation periods, (3 months or less, e.g. Crawford, Crutsinger & Sanders
2007). Secondary impacts of engineering (e.g. ecological cascades) were detected in snapshot
surveys where engineers were interacting with animal communities over longer intervals. The
primary downside of snapshot results is poor resolution in monitoring the sequence of
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changes over time, such as successional changes to community composition as a result of
engineer actions (Silvey, Hayward & Gibb 2015). Shorter time periods may be appropriate
for examining patterns that are not the result of an event (e.g. engineer species removal).
However, we may only be examining the beginning of broader, long-term impacts as they
move through affected ecosystems by focusing so strongly on snapshot events (Fayle et al.
2015). Long-term monitoring and where practical, long-term and large-scale experimental
manipulation is an opportunity to understand influences of engineering on neglected but
integral ecosystem processes.
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Figure 4. Trends in the methods used to study ecosystem engineering functions in terrestrial habitats. (a) Types
of studies used over time, (b) Duration of field observations reported by research papers, and (c) The spatial
scale of observations or experiments performed.
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4. Future directions and the way forward
Continued biodiversity declines are the most immediate threat to engineer function, followed
closely by climate change. Despite global resolution, we continue to record steady declines in
wild species population sizes and habitat connectivity, leading to accelerated extinction risk
and depleted function (Rands et al. 2010). Increased species diversity through habitat
modification is considered the central benefit of ecosystem engineering (Jones, Lawton &
Shachak 1996). Yet, our current knowledge base owes relies a subset of species and their
functions, studied through mensurative surveys. Here we discuss knowledge gaps that may
ideally be addressed through experimental manipulation, and which will equip us for the
future challenges of ecological and conservation science.
Neglected taxa, functions
Key areas of interest should now shift away from mammalian engineer interactions and
investigate lesser-studied taxa, i.e., invertebrates, birds and reptiles. Engineers within these
groups have received relatively less attention than their mammalian counterparts. Despite
their great diversity and biomass and therefore greater potential to play important engineering
roles from the microclimatic (Bieber et al. 2011), to continental scale (e.g. Hendrix et al.
2006), invertebrates have been largely neglected (Figure 1, Figure 5, Appendix 1). With the
current knowledge base focused on burrowing mammals in arid habitats (Davidson, Detling
& Brown 2012; Root-Bernstein & Ebensperger 2013), we neglect opportunities to examine
the function of non-mammalian engineers whose major biomes or habitat niches, such as
shorelines or canopies, are not heavily influenced by mammalian engineer species. For
example, shorebirds nesting in coastal habitats and perform engineer functions in ways that
mammals do not, thus adding to functional diversity underpinning ecosystem processes.
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Biomes under threat
At a global level, we should use this time in the face of significant climate change and
continued habitat loss to generate baselines of contemporary engineer impacts on biodiversity
and ecosystem function for comparison against future work. Specific areas of interest should
include places where fewer studies have been conducted (Figure 2), and where threats to
habitat connectivity and wild species populations are under immediate risk. Some of these
geographical regions include south-east Asian and South American terrestrial systems.
Although they are hotspots for biodiversity, they are afforded scant protection from natural
resource exploitation. Asia is also undergoing a phase of rapid economic growth that will
threaten drivers of ecological functioning, such as species density, identity and trophic roles,
yet basic information regarding community composition and interactions under current
densities is rare to non-existent (e.g. Campos‐Arceiz 2009 (empirically) undocumented
animal communities) .
Applying manipulative experiments
Conflict between the demand for habitat and secure ecological function versus land for
ecosystem services amplifies the need to move beyond straightforward explorations of
presence/absence effects and passive observation of outcomes that we are confident will
return significant differences, such as the link between engineer presence and greater biomass
(plants) or abundance (animals) (Figure 3). Experimental manipulations are an important tool
for disentangling the patterns that we observe in nature (Krebs 2010). Manipulating variables,
such as the density of engineers and other species, habitat and resource availability, for
ecological experiments can be challenging in terms of time, effort and expense. However,
manipulative ecological experiments are achievable (e.g. Sayer, Tanner & Lacey 2006) and
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can be applied to multiple habitats (e.g. Crutsinger et al. 2013). In Appendix 32, we consider
gaps in knowledge that may ideally be addressed through experimental manipulation. For
example, temperature increases can influence the microclimatic profiles of engineered
structures such as burrows, nests and leaf-rolls (e.g. Fuentes, Hamann & Limpus 2010), and
hence their effectiveness as sites of thermal refuge for species that rely on thermoregulation
to maintain homeostasis (i.e. Buckley, Ehrenberger & Angilletta 2015). Some of these
engineered structures may be readily manipulated by adding/removing layers of insulation
and measuring occupancy by other species. The majority of our understanding is based on
presence/absence comparisons, with no consideration of density, or condition and other
factors. This limits how effectively we can predict how global threats to biodiversity will
influence importance of engineer functions in changed ecosystems (i.e. climate change,
Ducatez & Shine 2016).
Reintroductions to restore functioning
Reintroduction sanctuaries for species conservation have provided opportunities to learn how
reconstructing regionally-extinct native mammal assemblages can affect the organisms and
ecosystem processes within their historic habitats. Functional redundancy could compensate
for the local extinction of threatened engineer species, but the interchangeability of engineers
with similar functions is low, as there is a lack of functional equivalency between even
closely-related species (Hunter & Gibbs 2014). Authors of engineer reintroduction papers
have suggested that a lack of species reintroduction sanctuaries necessitate single-site studies
(e.g. James & Eldridge 2007). However multiple sanctuaries are available in similar biomes
(e.g. dry/arid habitats), with one published study (Coggan, Hayward & Gibb 2016) using
multiple sanctuaries to replicate reintroduction impacts (Box 2), suggesting that spatial
replication may be less prohibitive than perceived. Emerging evidence from reintroduction
2

The revised version of this manuscript will incorporate the questions from Appendix 3 into the main text. (October 2017)
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studies indicates that engineer species’ trophic roles may act in tandem with their engineering
functions to influence community composition (Box 1, Clarke, Weyrich & Cooper 2015) and
ecosystem processes (Box 2, Coggan, Hayward & Gibb 2016). These interactions cross over
into trophic cascade research and are also relevant to co-extinctions and translocations, as
these can depend strongly on the densities of closely interacting species (Moir et al. 2012). At
small scales, trophic and engineering functions of species can be separated using experiments
that simulate engineering in the absence of the engineers, providing insights into the potential
for ecological replacement. Large-scale spatial replication of engineer impacts by employing
multiple sites can reveal the influences that geographic location and climatic gradients might
have on effect magnitudes. Differences in engineering impacts among habitats are an
important consideration in conservation planning.
5. Conclusions
Twenty years after the concept of ecosystem engineering was defined (Jones, Lawton &
Shachak 1996), we have established strong evidence that the presence of animal engineers in
terrestrial habitats directly alters basic habitat properties. These changes alter the abundance,
distribution and diversity of other species, ultimately influencing the structure of ecological
communities and ecological processes (e.g. nutrient cycling and decomposition; Figure 3).
Changing climates and habitats will affect the roles that engineers play in maintaining
ecosystems, and this should be a priority for future research. Our next challenge will be to
build upon knowledge from control/impact comparisons, focusing on variables that will
influence (e.g. changes in engineer/other species density through habitat loss) or be
influenced by the ability of animal engineer species to maintain ecosystems (e.g. capacity of
engineers to adapt to changing conditions). The functional equivalence of potential
replacements for irrecoverable ecosystem engineers also requires further investigation and is
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likely to be highly species-specific. We strongly encourage the use of manipulative
experiments and replication across multiple sites wherever possible, and also reiterate the
need to consider the influence of engineer species’ trophic roles in maintaining biodiversity
and natural ecological cascades.
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Appendix 1. Database protocols and definitions.
General details

Title, First author, Year of publication, Type of paper (Review, Empirical research or Opinion piece)
Engineer details

Broad grouping: Mammals/Birds/Reptiles/Invertebrates/Other as applicable

Subgrouping: Order – n.b. if a species name was not given, an order was not assigned.

Common name: As provided by authors of paper.

Species name

Broad engineering function: Assessed by reading about the primary activity performed by the engineer in the paper. Soil structuring: includes
burrowing and soil manipulating species. Plant structuring: includes leaf-manipulating and plant damage by way of herbivory (non-trophic – such
as breakage). Nesting habits, Trophic interaction.

Specific engineering function: Burrowing: Animals that dig in soil for shelter. Soil manipulating: Animals that disturb soil, but not for shelter
purposes (e.g. creating wallows, foraging). Nesting habit: Above-ground shelters. Leaf structuring: Manipulating leaves (or stems) into shelters.
Herbivory: Non-trophic damage to plants as a by-product of herbivore activity (e.g. broken stems). Feeding habit: Included when engineers also
had a trophic impact on their habitat (e.g. moving seeds after ingestion).

Engineer conservation status: IUCN-assigned conservation status. ‘NL’ (not listed) assigned if species is not listed on the IUCN website.
‘UNS’(unspecified) assigned if a species name was not provided by the paper.

Engineer population trend: IUCN population trend. ‘UNS’ assigned where species names not provided.

Exotic species status: Noted when specified as such by authors. ‘y’- yes, ‘n’- no, ‘u’ – unknown, ‘n/a’ – not applicable

Reintroduced species status: Noted when specified by authors. Yes/no/unknown or unspecified.
Generalised results

Summary question: the main focus of the investigation

Major outcome: key findings in brief

Main variable: the main comparison used to observe effects

Response: the overall object upon which changes occurred (e.g. soil properties)

Covarying factors: factors that influenced the outcome of the results (e.g. scale)

Direction of effect: The impact of the main variable upon the response variable. Increase/Maintain (no change)/Decrease/Change (direction was
context-dependent).

Effect studied: The main engineering impact (e.g. species richness) – similar to response.

Class of effect: The level of engineering influence (e.g. community level)

Network level of effect: Whether the impact applied to plants, animals or habitats in general.

Measure type: The main measurement specified by the authors.
Methods

Methodology: Whether the work was manipulative, mensurative or a combination.

Main contrast: The type of contrast used for observation. +/-: with/without engineers, LRE: the engineer was locally extinct, reintroduced or
excluded, Survey: usually a biodiversity survey, N/A: the paper is a review or an opinion piece.

Replicated: Were the results replicated? Yes, No, no(PSEU) (pseudoreplicated) N.B. papers considering trophic impacts were not assessed.

Randomised: were treatments randomly assigned? Yes/No

Independent samples: Were samples independent? Yes/No

Controlled: Was a control used for comparison against the impact? Yes/No

Control type: What type of control was used? Exclusion: engineers were excluded from the area, Off impact: a comparison was made in a place
where the engineer impact was absent (e.g. away from a termite mound)

Lab component

Time frame: over what time frame were observations made

Spatial measure: were impacts measured along a line or across an area? Linear: e.g. transects, Area: e.g. quadrats, Object: the specific site of
engineering impact, e.g. a burrow.

Spatial scale: the distance or area measured during observations – all listed in meters.

Spatial description: were observations made in terms of the microhabitat (less than 5 m or m2), habitat ( less than 1000 m or m2), or landscape
(more than 1000 m or m2) scale?
Geographic details

General location: the continent or state in which the study occurred.

Hemisphere

Specific location name as given by the authors.

Longitude, latitude n.b. if no specific study coordinates were given, we used the coordinates that applied to the specific location name given by the
authors.

Ecoregion

Biome according to Olson et al. 2011

Climate group assigned by habitat type.
Interacting species details

Common name as supplied by authors.

Species name

Broad group: includes Mammals, Plants, Invertebrates, Birds, Amphibians, Reptiles, Fungi, Soil microorganisms and soil properties.

Conservation status as assigned by the IUCN where species names were given by authors.

Population trend as assigned by the IUCN where species names were given by authors.
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Appendix 2. List of species or groups of species with engineering functions and impacts.

Community structure

Dispersal & distribution

Species composition

Species diversity

Species dominance

Species richness

Ecosystem processes

Overall (net) outcomes

Reproductive success & longevity

Population density

Growth rates & productivity

Abundance

Biomass

Indirect impacts

Thermal refugia

Nutrient availability

Shelter availability & habitat
complexity

Food availability

Trophic role
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Soil manipulation

Nest-building

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Herbivory

Burrowing

Cold/Temperate

Direct impacts

Engineering function

Tropical/Subtropical

Birds

Species/group

Arid/Dry
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CORACIIFORMES
Merops apiaster
PASSERIFORMES
Menura novaehollandiae
Philetairus socius
PICIFORMES
Colaptes auratus
Picoides villosus
Sphyrapicus nuchalis
PROCELLARIIFORMES
Diomedea exulans
Pachyptila turtur
Puffinus griseus
P. pacificus
TROGONIFORMES
Trogon citreolus

Invertebrates

1

COLEOPTERA
Cerambyx cerdo
Cetonia aurataeformis
Oncideres albomarginata chamela
DIPTERA
Rhopalomyia solidaginis
HAPLOTAXIDA
Amynthas hilgendorfi
Andiodrilus sp.
Aporrectodea giardi
Calcarus flagelliseta
Dendrobaena octaedra
Lumbricus rubellus
L. terrestris
Martiodrilus sp.
HYMENOPTERA
Acromyrmex landolti
A. lobicornis
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Invertebrates

A. octospinosus
Atta cephalotes
A. laevigata
Andricus quercuscalifornicus
Ectatomma brunneum
Formica obscuripes
Lasius flavus
L. niger
Messor ebeninus
Myrmica rubra
Octolasion tyrtaeum
Pogonomyrmex occidentalis
Pheidole spp.
ISOPTERA
Cornitermes cumulans
Macrotermes sp.
Nasutiterminae sp.
Rupitermes sp.
Spinitermes sp.
LEPIDOPTERA
Anacampsis niveopulvella
Anaea spp.
Cercotona achatina
Charaxinae
Eriocrania spp.
Geocarcoidea natalis
Phyllonorycter pastorella
Pseudotelphusa quercinigracella
Psilocorsis crytolechiella
POLYDESMIDA
Parafontaria laminata
SIPHONAPTERA
Ceratophyllus gallinae
TYLENCHIDA
Ditylenchus sp.
TROMBIDIFORMES

Mammals

Tetranchynus cinnabarinus
ARTIODACTYLA
Aepyceros melampus
Alces alces
Camelus dromedarius
Cervus elaphis
C. nippon
Odocoileus virginianus
Pecari tajacu
Sus scrofa
Syncerus caffer
Tayasu pecari
CARNIVORA
Vulpes lagopus
CINGULATA
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Chaetophractus villosus
Dasypus novemcinctus
Priodontes maximus
DIPROTODONTIA
Bettongia lesueur
Bettongia pencillata
Lasiorhinus latifrons
Vombatus ursinus
EULIPOTYPHLA
Talpa europaea
LAGOMORPHA
Brachylagus idahoensis
Ochotona pallasi
O. princeps
Oryctolagus cuniculus
MONOTREMATA
Tachyglossus aculeatus
PERAMELEMORPHIA
Isoodon obesulus
Macrotis lagotis
PERISSODACTYLA
Ceratotherium simum
Equus quagga
PROBOSCIDEA
Elephas maximus
Loxodonta africana
RODENTIA
Arvicola amphibius
Bathyergidae
Castor canadensis
C. fiber
Cynomys gunnisoni
Cynomys ludovicianus
Dipodomys ingens
D. spectabilis
Dolichotis patagonum
Eospalax beileyi
Geomys pinetis
Heliphobius argenteocinereus
Lagostomus maximus
Marmota bobak
M. himalayana
M. sibirica
Meriones unguiculatus
Microtus ochrogaster
M. californicus
M. fontanierii
Neotoma albigula
N. micropus
Octodon degus
Otospermophilus beecheyi
Spermophilus citellus

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 










 
 


 


































 




 








 
 
 





















  








 


   




   
   
   
   




 
























 





  






 
 


 















61

S. paryii
Tachyotyctes macrocephalus
Urocitellus paryii
Xerus inauris
TUBULIDENTATA
Orycteropus afer

Reptiles

TESTUDINES
Chelonoidis nigra
C. nigra hoodensis
Geochelone gigantea
Gopherus polyphemus
Lepidochelys olivacea

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 




 
 















 


 


 





 




  
   

  

  

  

 


 


 


 


 


 


  





 










 













 








 
 






 































































































 

 





 
 





















































62

Appendix 3. Further questions



Changing climates
How effectively will structures created by engineers function as thermal refuges in terrestrial habitats given
increasing global temperatures?
 How do these responses compare across different habitats, particularly those where thermal refugia are
limited (i.e. in arid habitats), or where they will become limited?
 What impact will altering the thermal profile of engineered shelters have on shelter-users?
 Analysis of the behavioural responses of engineers: Are engineers likely to adjust their behaviour in
response to increasing temperatures to maintain thermal homeostasis (e.g. by increasing nest volume,
increasing burrow depth, adding layers to leaf curls)? – If they are capable, what are their upper limits
of shelter modification (i.e. at what point are modifications physically/structurally impossible?).
 Is there a common set of climatic conditions (e.g. aridity, precipitation) under which engineering
functions no longer work to influence interactions? (Can be considered alongside the preceding
question).
Reintroduction/translocation experiments
What are the long term effects of engineer reintroductions on other species and ecosystem processes?
 How does the density of engineers in enclosed habitats (if they are being protected inside sanctuaries)
affect resources, and communities of other organisms?
 Are we using adequate baselines to assess the return of ecosystem function where wild populations are
already locally extinct or declining?
 How can we return function where an engineer species has become globally extinct?
Integrating trophic roles and engineering functions
In what ways do the trophic roles of engineer species complement/exacerbate their engineering impacts?
 How do trophic roles or engineering functions contribute to ecological cascades?
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General Discussion

Abstract
Species declines can have broader impacts on ecosystems, particularly when those species act as
ecosystem engineers. Ecosystem engineers modify habitats, indirectly shaping biotic communities.
Environmental attributes may limit the direct influence of engineers on habitat properties, indirectly
affecting other species and ecological functioning. We used three sites differing in abiotic properties,
where endangered digging mammals had been reintroduced, and hypothesised that: Reintroduced
mammals affect resource consumption and abandonment by termites, and local factors influence
termite interactions with reintroduced mammals. We therefore performed two manipulative
experiments: first testing the effects of depth on termite consumption of resources, second, testing
resource abandonment by termites following simulated disturbances by determining the proportion of
termites remaining at disturbed resources relative to undisturbed controls. Experiments were
conducted inside reintroduction enclosures and compared against controls. Resource consumption was
~25% lower, and resource abandonment ~50% higher where digging mammals were reintroduced and
termite responses were consistent with decreasing aridity. The near-extinction of native digging
mammals from much of Australia is likely to have significantly altered termite activity and
decomposition, but impacts may be context-dependent, with aridity potentially playing a key role. Our
work suggests, counterintuitively, that ecosystem impacts of reintroductions may be lower in
resource-poor sites.

Keywords: Context-dependency, Critical weight range mammal, Decomposition, Ecosystem
engineer, Ecological gradients, Interactions.
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General Discussion

1. Introduction
Recent declines in biodiversity have been dramatic (e.g. Dunn et al. 2009, Colwell et al. 2012),
resulting in significant changes to species assemblages and to the function of ecological communities
(e.g. Silvey et al. 2015). The loss of species can have broad-reaching effects, particularly when those
species act as ecosystem engineers (Gibbs et al. 2008). Ecosystem engineers modify habitats through
physical activity, such as digging (for shelter construction and food) and herbivory (increasing habitat
complexity as a by-product of herbivore actions), (Jones et al. 1996). Digging by vertebrate ecosystem
engineers provides refuges for other species (Davidson et al. 2012), and significantly influences soil
processes and patterns of vegetation cover in arid habitats where water and nutrients are limiting
(Whitford and Kay 1999). Previous studies suggest that the loss of digging mammals has significantly
altered ecosystems worldwide, with serious consequences for other organisms (Davidson et al. 2012).
Engineering impacts are predicted to provide increasing benefits to biotic communities as abiotic
stressors increase (Mullan Crain and Bertness 2006). However the magnitude of an engineer species’
impacts can be context-dependent, mediated by factors such as aridity, engineer population density or
land use history, which affect interactions between species and their environment by altering resource
availability (e.g. Eldridge et al. 2011, Erpenbach et al. 2013). Between 31 and 40 % of the Earth’s
surface is classified as arid (Salem 1989), and water availability is a key driver of productivity. Few
studies have explicitly considered the effects of climate on the role of ecosystem engineers, but there
is evidence that increasing precipitation amplifies the positive effects of engineering by termites on
plant diversity (Erpenbach et al. 2013). Here, we investigate the influence of climate on interactions
between engineers and other animal species. Few reintroduction studies have included site-level
replication (Hayward et al. 2015), thus we consider the influence of site-specific factors, particularly
that of land-use history, upon termite reactions to mammal reintroduction. The new knowledge will
contribute to developing theories of environmental effects on biotic interactions (Schemske et al.
2009), and inform conservation practices which employ reintroduction of ecosystem engineer species
(Manning et al. 2015).
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General Discussion

Over the past two centuries Australia has suffered the highest rate of mammal extinctions worldwide:
22 species have been driven extinct and a further 21% of species are suffering severe population
declines (Woinarski et al. 2015), rendering them ecologically extinct, i.e., too rare to contribute
substantially to ecological functions (McConkey and O’Farrill 2015). These extinctions have largely
been attributed to predation by introduced cats and foxes (Woinarski et al. 2015). The implications for
habitat quality in Australia’s arid ecosystems are severe. In reintroduction sites, native mammalian
digging engineers are responsible for soil turnover of between one to six tonnes of soil per hectare
every year (Eldridge and James 2009), and pre-European levels are likely to have been similar. That
level of soil engineering is unmatched by other digging vertebrates in Australian ecosystems, and no
ecological equivalents have replaced the lost or declining species.
Efforts to conserve threatened mammals in Australia are increasingly centred on reintroduction into
fenced sanctuaries, free of introduced predators. While the primary aim of these introductions is to
preserve species, a secondary aim is to restore the interactions and ecological engineering functions of
species (Manning et al. 2015). Declines in native digging mammals are likely to have resulted in a
broad-scale loss of ecosystem function, with quantified impacts upon the current structure of arid
habitats and the biota within them (Fleming et al. 2014). These include impacts upon soil (e.g. Clarke
et al. 2015), invertebrate (e.g. Silvey et al. 2015), and plant assemblages (e.g. Chapman 2015). Reestablishment of native mammal assemblages is anticipated to restore impacted ecological processes
such as soil turnover (Manning et al. 2015). Populations of digging mammals have been successfully
established inside sanctuaries in arid and semi-arid habitats, but the scarcity of accurate historical data
needed for these types of conservation projects means that little is known of their potential
interactions with, nor their impacts upon pre-existing ecological assemblages.
Termites are the dominant invertebrate soil engineers and detritivores in Australian arid systems
(Morton et al. 2011), and are vitally important to soil health wherever they occur (de Bruyn and
Conacher 1990). Prior to European colonisation, native digging mammals were likely to have been
important disturbance agents and predators of subterranean termites and other ground-dwelling
invertebrates (Gibb 2012, Silvey et al. 2015). Termite activity is sensitive to disturbances, which
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affect the availability and suitability of their resources (e.g. Jones et al. 2003). They are therefore
likely to respond to soil disturbance resulting from mammal foraging or burrowing (Gibb 2012).
Effects may cascade further through ecosystems, for example by altering termite-driven functions
such as nutrient cycling. In addition to their functional significance, termites are consumed by a
variety of fauna (e.g. Colli et al. 2006), and are a major food source for reintroduced digging
mammals (e.g. Bice and Moseby 2008), so mammals may also alter termite assemblages through
predation.
Recent studies suggest that digging mammals affect not only soil microfauna and vegetation (Clarke
et al. 2015, Verdon et al. 2016) but also assemblages of invertebrates (Davidson and Lightfoot 2007,
Read et al. 2008, Silvey et al. 2015). However, no previous studies have investigated the effects of
digging mammals on invertebrate activity or invertebrate-driven functions. Further, few have
considered the role of site context in moderating the influence of ecosystem engineers in terrestrial
systems. We tested the effects of reintroduced endangered digging mammals (vertebrate ecosystem
engineers) on a key invertebrate ecosystem engineer, termites, by comparing reintroduction and
control sites at three reintroduction sanctuaries in arid/semi-arid southern Australia. We hypothesised
that soil disturbances generated by reintroduced digging mammals would reduce termite activity,
resulting in lower rates of resource consumption (termite-driven decomposition) and higher rates of
resource abandonment. Because engineering impacts may be context-dependent (Mullan Crain and
Bertness 2006, McAfee et al. 2016), we considered the underlying influences of aridity and historic
land-use, which differed among the sanctuaries, on the overall impact of mammal reintroductions
upon termite activity.
2. Methods
2.1. Study sites
We compared termite responses to soil disturbance by reintroduced digging mammals at three
conservation sanctuaries. These were Arid Recovery (30°33’55.38’’S, 136°55’3.85’’E), Scotia
(33°8’9.00’’S, 145°11’33.00’’E), and Yookamurra sanctuaries (34°31’19.38’’S, 139°28’31.91’’E)
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(Table 1, Fig. 1a). Scotia and Yookamurra sanctuaries were administered by the Australian Wildlife
Conservancy, and Arid Recovery by BHP Billiton. The three sanctuaries differed in aridity and landuse history (livestock densities). Temperature, precipitation, gross primary production (GPP) and the
enhanced vegetation index (EVI) co-varied with aridity. Arid Recovery was the most arid sanctuary
and Yookamurra sanctuary was the least arid (Table 1). All sanctuaries functioned as pastoral land for
livestock (sheep and/or cattle) after European settlement and prior to their conversion into sanctuary
habitats. Historical stocking data for Yookamurra sanctuary and surrounding properties could not be
located in published records, thus an estimated carrying capacity for livestock in South Australia’s
arid lands was used (Squires and Bennett 2004). Unlike aridity, there was no clear gradient in historic
livestock densities across the sanctuaries. Livestock densities were stocked in response to annual
rainfall (higher in wetter years, lower in drier years), and ranged between 0.02 – 0.1 sheep ha-1 (Read
2002, Squires and Bennett 2004, Westbrooke 2012). The maximum recommended stocking density
for the entire region was 0.1 sheep ha-1, and this was considered to be the carrying capacity of south
Australian arid and semi-arid regions as dictated by average annual rainfall (Squires and Bennett
2004).
The dominant vegetation class for Scotia and Yookamurra sanctuaries was remnant Mallee woodland
and shrublands, with climate at Yookamurra classified as ‘Mediterranean’, while that at Scotia was
‘Semi-arid’. Dominant ground cover at Scotia included spinifex (Triodia spp.) and chenopod species,
and Westringia rigida at Yookamurra sanctuary. The dominant trees in Mallee woodlands and
shrublands are Eucalyptus species, including E. dumosa and E. gracilis. Arid recovery was classified
as Acacia shrubland with a ‘Desert’ climate. Dominant ground cover at Arid Recovery varied with
season: at the time of data collection, the Poached-egg daisy (Polycalymma stuartii) and Desert
Rattle-pod (Crotalaria eremaea) were abundant. Sandhill wattle (Acacia ligulata) was the dominant
shrub species at Arid Recovery. Scotia and Yookamurra sanctuaries supported a cryptogamic crust,
which bound the soil surface at those sanctuaries, but it was absent at Arid Recovery.
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2.1.1. Sampling design
All sanctuaries included large (up to ~ 8000 ha) enclosures free of introduced predators and protected
by predator-proof fencing. Reconstruction of native mammal assemblages commenced at Scotia
Sanctuary from 2004, at Arid Recovery from 2000, and at Yookamurra Sanctuary from 1999 (Arid
Recovery , Australian Wildlife Conservancy). All reintroduced mammal species were considered
regionally extinct from both reintroduction and control areas prior to the establishment of these
sanctuaries (Table 1). Rabbits were present at control habitats, but had been eliminated from inside
reintroduction enclosures. The population densities of exotic species in control habitats (e.g. cats,
foxes and rabbits) were routinely controlled by sanctuary management using poison baiting, trapping
and shooting.
To test the effects of native digging mammals on termite activity, we performed experiments inside
(reintroduced digging mammals present: ‘Reintroduction’) and outside the reintroduction enclosure
(controls with no native digging mammals: ‘Control’) at each sanctuary (Fig. 1b). We paired sampling
sites (n = 6) inside and outside the reintroduction enclosure at each sanctuary. Sites were paired to
minimise the influence of spatial autocorrelation of biotic and abiotic characteristics on our response
variables. Sampling sites were placed at least 150 m from the fence line (i.e., paired sites were at least
300 m apart) and, where possible, the distance between sites was 1 km (Fig. 1b).

2.1.2. Reintroduced mammals
We focused on soil disturbances caused by two reintroduced digging mammal species, burrowing
bettongs, Bettongia lesueur, and greater bilbies, Macrotis lagotis (Table 1). These species were
important ecosystem engineers prior to their ecological extinction from the Australian mainland
(Eldridge and James 2009). Bettongs and bilbies are omnivorous and include termites in their diet,
although bettongs tend to consume more plant material, while bilbies are more insectivorous (Bice
and Moseby 2008). Both species move substantial amounts of soil, within the range of 1.27-5.99 t ha-1
per year (Eldridge and James 2009), suggesting that termites experience markedly greater levels of
soil disturbance inside sanctuaries. Numbats (Myrmecobius fasciatus) were also reintroduced at Scotia
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and Yookamurra sanctuaries. Numbats are exclusively termitivorous (Calaby 1960), they are weak
diggers and are not considered to function as ecosystem engineers (Table 1). Interactions with
numbats were not included in our hypotheses, but were acknowledged as a potential influence on
termite behaviour.
Table 1. Study site attributes, including densities and diets of reintroduced mammals, reserve size, climate,
vegetation and soils.
Yookamurra
Key reintroduced
mammals a

Greater bilby

0.03 bilbies ha-1

0.09 bilbies ha-1

0.08 bilbies ha-1

0.06 numbats ha-1

0.05 numbats ha-1

Absent

T

0.06-0.1 head

ha-1(d)

0.02-0.1 head ha-1(e)

~0.1 head

Area fenced

1092 ha

8000 ha †

6000 ha

Latitude

34°31’19.38’’S

33°8’9.00’’S

30°33’55.38’’S

139°28’31.91’’E

141°11’33.00’’E

136°55’3.85’’E

0.22

0.14

0.06

Annual precipitation

278.0 mm

233.0 mm

161.0 mm

Rain Days/Year

52.4

42.1

26.8

Yearly average temperature

22.61°C

24.44 °C

26.35°C

Agroclimatic designation

Mediterranean

Semi-arid

Desert

Native vegetation

Mallee wood & shrub
lands

Mallee wood &
shrub lands

Acacia shrub land

Main overstory

Mallee eucalyptus

Mallee eucalyptus

Acacia ligulata

Main understory

Westringia rigida,
Chenopods

Triodia spp.,
Chenopods

Crotalaria eremea,
Chenopods

GPP

0.0124 KgC m-2

0.0072 KgC m-2

0.0043 KgC m-2

EVI

0.2204 EVI

0.1773 EVI

0.1232 EVI

Soil Type

Kandosols

Rudosols/tenosols

Kandosols

Aridity index

Vegetation class,
soils and
productivity b, c

ha-1(f)╫

Historic stocking densities

Longitude

Climate b

0.44 bettongs ha-1

0.20 bettongs

D, O, I

0.30 bettongs

Arid Recovery
ha-1

Burrowing bettong D, O, H

Numbat
Sanctuary
attributes a, b

Scotia
ha-1

Aridity Index: Arid: <0.05-0.20, Semi-arid: 0.20 -0.5; EVI: Enhanced Vegetation Index; GPP: Gross Primary
Production. D: Digging mammal, H: Herbivore, I: Insectivore, O: Omnivore, T: Termitivore. Sources: a
AWC/Arid Recovery data, b (Australian Virtual Herbarium 2015), c (Morton et al. 2011), d (Westbrooke 2012), e
(Read 2002), f (Squires and Bennett 2004) ╫ No historic data for Yookamurra. Estimate is for semi-arid/arid
pastoral land in South Australia. †4000 ha examined: density data are for Stage 1 only. AR: Arid Recovery, SS:
Scotia Sanctuary, YS: Yookamurra Sanctuary.
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Fig.1 a) Map showing location of study sanctuaries; b) Simplified diagram of sampling sites at each sanctuary.
Dashed line represents the fence dividing habitats. Comparisons of termite responses to digging mammals were
made between habitats where digging mammals were reintroduced (Reintroduction: closed circles), or
regionally extinct (Control: open circles); c) Resource (toilet roll) layout for Experiment 1 showing resource
depth; d), Resource layout for Experiment 2, showing ‘disturbed’ (black) and ‘control’ (white) resources and
layout of blocks by observation time (shaded rectangles). AR: Arid Recovery, SS: Scotia Sanctuary, YS:
Yookamurra Sanctuary.

2.1.3. Vegetation Surveys
We performed vegetation surveys in September 2011, prior to commencing experiments. We
established twelve 5 m x 5 m quadrats at each of the six paired sites in each sanctuary. In every
quadrat, we estimated the percentage cover of four habitat characteristics: bare ground, ground cover,
leaf litter and canopy. We also calculated the average volume of logs (lying dead wood) with a
diameter ≥ 5 cm in every quadrat (c.f. Gibb and Cunningham 2010). Standing stems were not
measured. Log volume was estimated as the volume of a cylinder in cubic centimetres, using log
length and diameter measured at the mid-point of the log. Vegetation cover was predicted to decrease
with increasing aridity because precipitation restricts resource availability (Oksanen et al. 1981). It
was also expected to decrease where digging mammals were present, because persistent disturbance
limits opportunities of for plants to establish (Verdon et al. 2016). Climate was expected to regulate
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the impact of digging mammals on vegetation cover in more-arid habitats by limiting the amount of
vegetation available for manipulation. The role of historic land-use was also considered in terms of its
impact on habitat cover.

2.2. Termite responses
2.2.1. Experiment 1: Resource consumption
We performed an experiment using resources buried at three depths to test the effect of soil
disturbance by reintroduced digging mammals on termite activity. A longitudinal study of soil
disturbance indicated that the average foraging pit constructed by bilbies and bettongs is 10-20 cm
(Travers 2013). We therefore expected that resource consumption by termites would be affected most
by soil disturbance at depths less than 10 cm, moderately affected at depths less than 20 cm and not
affected at depths greater than 20 cm.
In February 2012, we buried nine unscented toilet paper rolls (‘resources’) in a 3 m x 3 m grid at each
of the 6 paired sampling sites in each sanctuary (Fig.1a-c). We used toilet rolls as resources because
they were attractive to common soil and wood-feeding termite genera (Coptotermes and
Heterotermes), whose ranges intersected all of our study sites (Watson and Abbey 1993). A row of
three resources was buried at each of the three depths. Treatments were: 1) intensely disturbed
resources (‘High disturbance’), 1-5 cm below ground (these represented the zone of highest resource
exposure to soil disturbance); moderately disturbed resources (‘Moderate disturbance’), 10-15 cm
below ground (these were close to the average maximum depth of diggings); and least disturbed
resources (‘Low disturbance’), 30-50 cm below ground, where the majority of diggings should be
avoided (Fig. 1c). In August/September 2012, we unearthed the resources and visually estimated the
proportion of each resource that termites had consumed: 0% consumption indicated that the resource
remained intact, and 100% consumption indicated that the resource was completely consumed.
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2.2.2. Experiment 2. Resource abandonment
We hypothesised that disturbance would affect resource abandonment by termites. Disturbance
caused by reintroduced digging mammals was expected to expose termite foragers to threats such as
desiccation or to attack by termite predators, which also include the reintroduced mammals
themselves (Table 1). We tested the effects of disturbance by comparing termite abundances on
experimentally disturbed resources with those on controls (undisturbed resources) over 24 hours (Fig.
1d).
In February 2012, we buried nine resources in pairs within a 3 m x 3 m grid at each of the six paired
sites at each sanctuary (Fig. 1d). Resources were buried approximately 5 cm below ground, within the
range of highest soil disturbance intensity by reintroduced mammals (see Experiment 1). Resource
pairs were separated by 5-10 cm and rows were 1 -2 m apart (Fig. 1d). Termites were allowed to
colonize resources until August/September 2012, when we applied our disturbance treatment. For
each pair, we disturbed one resource by unearthing it and leaving it unburied in its hole, and one
resource, the ‘control’, undisturbed. The purpose of the control resource was to estimate the number
of termites using undisturbed resources. We disturbed termite resources between 0900h-1000h to
standardize temporal conditions at our sampling sites. Resource abandonment in response to our
disturbance was measured by comparing the number of termites in the ‘disturbed’ and ‘control’
resources. We examined each row separately at 15 minutes, 3 hours and 24 hours after our initial
disturbance treatment. Each replicate resource was examined only once, i.e. termites inside resources
from row 1 were collected and counted after 15 minutes, from row 2 after 3 hours, and from row 3
after 24 hours following resource disturbance. For each pair, we counted the number of termites
remaining in the disturbed resource and its control. For tests of the effect of digging mammals on
resource abandonment, we standardised each response by the total number of termites at the pair
(Control-Disturbed)/(Control+Disturbed). We identified termite species whenever soldiers were found
(soldiers were required for identification). We also noted predation by ants on termites, i.e., ants
carrying termites away at the disturbed resources. Finally, we calculated the proportion of disturbed
resources that were attended by ants and photographed ants for later identification to genus.
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2.3. Data Analysis
We used a generalized linear model (GLM) and Tukey’s post-hoc tests with Bonferroni corrections to
test the effect of digging mammal reintroduction on vegetation cover. We also used GLMs to compare
termite and ant responses to soil disturbance in habitats with and without reintroduced digging
mammals. We used the Gaussian response distribution for termite activity in both experiments. We
used the binomial response distribution for ant data in Experiment 2, as these described either the
presence or absence of ants. Tukey’s post-hoc tests with Bonferroni corrections were used to
determine differences among interacting factors. All analyses were conducted using MASS in R
(Ripley et al. 2015).

3. Results
3.1. General
3.1.1. Vegetation Surveys
Vegetation cover differed among sanctuaries, with structure decreasing with aridity, i.e., from
Yookamurra to Arid Recovery, and Scotia intermediate between the two (Table 2). Yookamurra had
the greatest volume of logs m-2, the densest canopy, and the least bare ground (Table 2 Post-hoc). At
the opposite end of the scale, Arid Recovery consistently had the lowest percentage cover of all
recorded habitat types, and had very few logs with a diameter >5 cm, with wood resources
concentrated at patches of dead Sandhill wattle (Table 2, Post-hoc). Scotia was similar to Arid
Recovery in terms of bare ground and canopy cover, but closer to Yookamurra in terms of ground
cover. Leaf litter and logs at Scotia were intermediate between Arid Recovery and Yookamurra
sanctuaries (Table 2).

75

General Discussion

Table 2. Results from GLM testing the effect sanctuary location on habitat variables and mean ± SE values of
vegetation variables at each sanctuary.
Variable
Bare ground cover (%)
Canopy cover (%)

d.f.
2
2

Dev. Res.
2.15
11.60

Res.Dev.
39.82
61.10

P
.
***

Arid Recovery
42.08 ± 3.31
5.96 ± 1.07, a

Scotia
38.46 ± 3.94
6.33 ± 1.38, a

Yookamurra
27.88 ± 5.42
14.17 ± 1.46, b

Ground cover (%)

2

4.35

37.13

**

24.17 ± 3.06, a

40.54 ± 3.51, b

42.46 ± 5.51, b

Leaf litter (%)

2

586.00

55.44

13.04 ± 2.03

19.75 ± 4.44

19.79 ± 2.30

Wood (Ø ≥ 5 cm)

2

45.32

76.33

0.01 ± 0.03, a

1.03 ± 0.49, b

4.09 ± 1.07, c

***

. P ≤ 0.1, * P ≤ 0.05, ** P ≤ 0.01, *** P ≤0.001. Letters denote post-hoc groupings.
Table 3. Results of GLM testing the effects of digging mammal status, resource depth and sanctuary location on
resource consumption from Experiment I.
Source
Mammal Status (M)
Resource Depth (D)
Sanctuary Location (S)
M*D
M*S
D*S
M*D*S

d.f.

Dev. Resid.

Resid. Dev.

P

1
2
2
2
2
4
4

13989.6
9220.5
4939.4
14510.4
2631.6
19449.1
19539.3

425637
439627
448847
389046
403556
406188
369507

***
*
**
**
**

. P ≤ 0.1, * P ≤ 0.05, ** P ≤ 0.01, *** P ≤0.001

3.1.2. Termites
Species of Heterotermes comprised the overwhelming majority of termites collected in both
experiments; Coptotermes were collected in very small numbers. Trench surveys from a related
experiment estimate the average density of Heterotermes and of Coptotermes as follows:
Heterotermes: Arid Recovery (AR) 87 ± 22 termites m-2, Scotia (SS) 137 ± 21 termites m-2,
Yookamurra (YS) 112 ± 19 termites m-2. Coptotermes: AR 63 ± 42 termites m-2, SS 120 ± 47 termites
m-2, YS 36 ± 34 termites m-2 (Coggan, unpublished data)3.

3.2. Experiment 1: Resource consumption
Termites consumed 53 ± 2 % (mean ± S.E.) of toilet rolls after 6 months’ burial. We found a
significant three-way interaction between the presence of digging mammals, disturbance intensity and
sanctuary location (Table 3). There was no difference in resource consumption with resource depth
where digging mammals were excluded (Fig. 2, post-hoc: P>0.05). However, when digging mammals
were present, resource consumption was significantly lower than controls (Fig. 2).
3

See Research Chapter 2.
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At 1-5 cm deep (i.e. within the most-frequently disturbed soil stratum), the effect of reintroductions of
digging mammals on resource consumption by termites (i.e., the difference inside and outside the
sanctuary) increased from Arid Recovery to Yookamurra sanctuary (Fig. 2 a-c, post-hoc: P<0.0001).

77

General Discussion

Fig. 2: Mean ± SE proportion of resources consumed by termites exposed to increasing levels of soil disturbance
in Experiment I. Graphs for each sanctuary are presented in order of aridity, from least arid (a, Yookamurra), to
most arid (c, Arid Recovery).

3.3. Experiment 2: Resource abandonment
Experimentally disturbing buried resources significantly increased resource abandonment by termites
over time. Resource abandonment was higher when digging mammals were present (Table 4,
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Termites; Fig. 3 a-c). The location of sanctuaries did not affect resource abandonment by termites
(Table 4, Termites). The number of termites remaining on resources declined with time since
disturbance at Yookamurra and Scotia Sanctuaries (Fig. 3 a-b) (effect size contrast: 15 mins > 3 hrs >
24 hrs (p < 0.05)). The number of termites remaining after disturbance at Arid Recovery fluctuated
between the 3 hr and 24 hr observation times (Fig. 3c).
Ants were observed carrying termites away from disturbed resources and we used ant attendance at
resources as a surrogate for ant predation on termites. Time since disturbance, engineer status and
sanctuary interacted to affect ant attendance at resources. Control and reintroduction sites differed
after 3 hrs and 24 hrs, but only at Scotia and Yookamurra sanctuaries. At 24 hrs, the effect size
(difference between control and reintroduction) decreased with increasing aridity from Yookamurra
sanctuary to Arid Recovery, which was the most arid sanctuary (Figs. 3 d-f). Iridomyrmex were the
most frequently observed ant genus preying on termites.
Table 4. Results of GLMs testing termite attendance at resources following soil disturbance (Gaussian response)
and ant attendance at resources (binomial response).
Source
d.f.
Dev. Resid.
Resid. Dev.
P
Termites
Mammal Status (M)
1
3.51
48.42
***
Time (T)
2
2.38
46.03
***
Sanctuary Location (S)
2
0.15
51.92
M*T
2
0.70
44.11
.
M*S
2
0.37
45.67
T*S
4
0.85
44.81
M*T*S
4
0.98
43.13
Ants
Mammal Status (M)
Time (T)
Sanctuary Location (S)
M*T
M*S
T*S
M*T*S

1
2
2
2
2
4
4

4.13
3.44
5.83
6.47
7.54
2.73
2.23

339.29
335.85
330.01
323.54
316.00
313.27
311.04

*
.
*
*

. P ≤ 0.1, * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001
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Fig. 3, Mean ± SE resource abandonment by termites (a-c) and termite predation by ants (d-f) following soil
disturbance. Graphs are presented in order of the aridity at each sanctuary, from least arid (a & d, Yookamurra),
to most arid (c & f, Arid Recovery).

4. Discussion
Previous studies have shown that digging mammals alter invertebrate community assemblages
through ecosystem engineering (e.g. Read et al. 2008), and invertebrate assemblages may be further
altered through predation by reintroduced digging mammals and resulting trophic cascades (Silvey et
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al. 2015). This is the first study to show that interactions with digging mammals also affect ecosystem
functions performed by invertebrates, in particular, the process of decomposition. Termite activity
was approximately 25% lower, and resource abandonment 50% higher than controls when digging
mammals were reintroduced. Effect sizes were site-dependent, decreasing from Yookamurra
sanctuary to Arid Recovery. This pattern was more consistent with the aridity gradient present across
the three sanctuaries than other context-dependent variables such as historic land-use and mammal
density.
Digging mammals such as the greater bilby and burrowing bettong move a significant volume of soil
each year (Eldridge and James 2009). Termites were expected to alter their resource consumption to
avoid soil disturbances (Brown et al. 1999), resulting in a decreased rate of termite-driven
decomposition. Data from Experiment I supported this prediction: resources that were exposed to the
most intense levels of soil disturbance (those at shallow depths) were consumed less by termites when
digging mammals were present. In contrast, resource consumption was independent of disturbance
intensity (resource depth) when digging mammals were absent. This shift in resource consumption
suggests that termites were either actively avoiding, or were less successful at consuming resources
where digging mammals were reintroduced. Termite populations decline following habitat
disturbances that disrupt their food supplies, for example, shortly following fires, or when habitats
shift towards lower plant diversity (e.g. in plantations, Jones et al. 2003). It is therefore possible that
this change in function resulted from a change in the population density of termites. However,
preliminary data suggest that this is not the case (Coggan & Gibb, in prep.), so changes in resource
consumption may be the result of changes in termite behaviour, considered in Experiment 2, or the
composition of termite assemblages (Coggan and Gibb, in prep.).
We showed a clear decline in termite-driven decomposition in the upper layers of soil in the presence
of digging mammals, although this was greater at Yookamurra and Scotia sanctuaries. While previous
studies have focused on the biodiversity impacts of the loss of ecosystem engineers (Romero et al.
2015), few studies have examined the ecological cascades or functional changes resulting from
changes in behaviour or population densities of species with which ecosystem engineers interact.
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Termites are the dominant detritivores in arid Australia (Morton et al. 2011), and any changes in
termite-driven decomposition are likely to significantly alter soil nutrient cycling. Our study suggests
that reintroduction of native digging mammals might lead to decreases in decomposition rates.
Although it is possible that termite-driven decomposition has increased following the loss of digging
mammals from the Australian arid zone, the outcome of reintroductions for nutrient cycling are likely
to be complex, with further studies required to better elucidate the full complexity of interactions.
Reintroductions of digging mammals were associated with greater resource abandonment by termites,
suggesting a behavioural response to disturbance might be the mechanism determining reduced
resource consumption. Several species of mammals reintroduced to our study sites prey on
invertebrates, which may result in cascading effects on invertebrate assemblages. For example, Silvey
et al. (2015) documented mesopredator release in arachnid assemblages, where mammal predation
reduced the abundance of the dominant scorpion species, triggering a trophic cascade in scorpion and
ground-dwelling spider communities (Silvey et al. 2015). Previous studies have also reported that
some species display behavioural responses to predators that minimise predation risk, but reduce
foraging success (i.e. the 'landscape of fear', Lima and Dill 1990). Differences in resource
abandonment between control and reintroduction sites suggest that termites may experience a
landscape of fear effect in the presence of digging mammals. Laboratory experiments show that
resource abandonment by termites depends on the level of danger that termites perceive (Gautam and
Henderson 2012). Increased resource abandonment in reintroductions might therefore be a result of
perceived threats of predation by reintroduced native mammals or other organisms affected by the
reintroductions.
Disturbed resources were attended by ants within minutes of exposure, and ant attendance was greater
when digging mammals were present. Effects of digging mammals on ant assemblages have not been
reported, but habitat disturbance alters invertebrate assemblages, favouring aggressive ant genera such
as Iridomyrmex (Gibb and Hochuli 2003). Ant attendance at resources was greater in reintroduction
than control sites, suggesting ant predation on termites may be higher when digging mammals are
present, i.e., when termites are exposed to soil disturbance. Declines in numbers of termites at
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resources in the presence of digging mammals may therefore have resulted from both the direct
process of predation by ants or digging mammals and the indirect process of predation or disturbance
avoidance.
The magnitude of impacts made by ecosystem engineering species is known to be context-dependent.
For example, in marine environments, ecosystem engineering has been shown to change along
temperature gradients (McAfee et al. 2016). Differences in resource consumption and abandonment
by termites inside and outside reintroductions varied among sanctuaries: they were greatest at
Yookamurra Sanctuary, moderate at Scotia Sanctuary, and negligible at Arid Recovery. Possible
drivers of resource availability that differed across the sanctuaries included aridity, land use history
(i.e. past densities of livestock) and the population densities of reintroduced mammals. Of these
factors, aridity is likely to have had the greater influence over habitat availability, with historic
stocking and current reintroduced mammal densities playing minor roles. Our lines of evidence are
these: first, aridity is strongly linked to productivity such that vegetation cover is expected to decline
as rainfall decreases (Fischer and Turner 1978, Oksanen et al. 1981). Our data on vegetation cover
show the expected decline with rainfall (Coggan et al. unpublished data). With less vegetation
available, mammal reintroduction may have had less potential to alter termite function, or effects may
have been harder to detect. Second, the historic stocking densities recorded at the sanctuaries followed
a weak gradient: densities were altered based on yearly precipitation (which is closely linked with
aridity), and this placed an upper limit on the landscapes’ carrying capacities (Read 2002, Squires and
Bennett 2004, Westbrooke 2012). However, all sanctuaries shared a maximum stocking density of 0.1
dry sheep equivalents per hectare. Third, reintroduced mammal densities were higher at Arid
Recovery than at the other sanctuaries (Table 1). This suggests that impacts on termites should have
been greatest at that site, which they were not. The aridity gradient across our sanctuaries thus
provides a more convincing explanation for observed effects on termite resource consumption and
abandonment than historic land-use and current reintroduced mammal densities.
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We propose that increasing aridity reduced the impacts of mammal reintroductions on termite
resource use by increasing resource fidelity. Termites might be less willing to leave a resource in
more arid environments, where fewer alternative resources were available. Resource scarcity, such as
the low wood availability observed at Arid Recovery, might thus encourage higher fidelity to
resources. This might represent a case whereby the risk of death by starvation by leaving a known
resource was greater than the risk of death by potential predators if termites remained at the resource
following disturbance (Lima 1998). A previous study suggests that termites alter their behaviour
based on resource scarcity. For example, Reticulitermes flavipes consumed resources more slowly
when resources were scarce (Lenz et al. 2009). Productivity might also affect ant predation: more
productive environments might support larger densities of ants, such that the chance of discovery of
termite prey would be higher. Further investigation is required to test these ideas.

5. Conclusions
We observed clear effects of digging mammal reintroductions on termite activity. Effect sizes
depended upon sanctuary location and were therefore context-dependent. The observed pattern
suggests that termite responses are most likely to have been driven by aridity, which regulates
resource availability. Our explicit test of termite responses to soil disturbance by mammals adds to
our growing empirical understanding of interactions between digging mammals and ground-dwelling
invertebrates. Our results suggest that Australian arid ecosystems may have been substantially
different prior to the ecological extinction of digging mammalian engineers. They also highlight the
complexity of species interactions, with mammal disturbance also influencing termite interactions
with invertebrate predators (ants). Termites are important food resources for other species, key
detritivores in the decomposition process, and ecosystem engineers that affect soil processes and
vegetation patterns, especially in arid environments (Mora et al. 2005, Evans et al. 2011, Gibb 2012).
The context-dependency of effect sizes observed here is consistent with previous studies (McAfee et
al. 2016) and merits further investigation into the roles of possible drivers, such as aridity, at larger
scales. However, trends observed here run contrast to theories that the benefits of engineering to other
organisms increase with increasing environmental adversity (Mullan Crain and Bertness 2006). This
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novel finding suggests that it may be more difficult to generalise about the effects of digging
mammals on ecosystems than anticipated, and that higher carrying capacities of less arid
environments may also be linked with greater ecosystem sensitivity. This study adds to the small, but
growing, volume of research showing that the decline of digging mammals has had broad-reaching
effects on invertebrates (e.g. Davidson and Lightfoot 2007, Silvey et al. 2015), and makes substantial
advances in our understanding of impacts on invertebrate-driven decomposition, a critical ecosystem
function.
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Abstract
Invasions can trigger cascades in ecological communities by altering species interactions. Following
the introduction of foxes and cats to Australia, 11% of terrestrial mammal species became extinct. A
further 36% are threatened or near-threatened and continue to decline. The broader consequences of
these losses for Australian ecosystems are poorly understood. Soil-dwelling invertebrates are expected
to be affected by the loss of mammals, which act as predators and disturbance agents. We tested the
hypothesis that mammal reintroductions would lead to lower vegetation cover and changes in termite
assemblages, including declines in abundance and biomass and altered species composition. We
hypothesised that the effect magnitude of mammal reintroductions would weaken with increasing
aridity, which affects resource availability. We compared six paired sites inside and outside three
reintroduction sanctuaries across an aridity gradient. We sampled termite assemblages inside
reintroductions against paired controls using soil trenches and measured habitat availability using
quadrats. Reintroductions were associated with more bare ground and less vegetation through trophic
and engineering pathways. Aridity also had an underlying influence on vegetation cover by limiting
water availability. Termite abundance and biomass were lower where mammals were reintroduced
and effect magnitude decreased with increasing aridity. Termite abundance was highest under wood,
and soil-nesting wood-feeders were worst affected inside sanctuaries. Exotic predator invasions (and
subsequent mammal species loss) are thus likely to have altered termite assemblages, but impacts may
be lower in less-productive habitats. Our findings have implications for reserve carrying capacities
and understanding the process of assemblage reconstruction following ecological cascades.
Keywords: Abundance; Bettongia lesueur; Biomass; Macrotis lagotis; Mesopredator-release.
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1. Introduction
Invasive species have caused substantial changes in the composition and functioning of ecological
communities (Vitousek et al. 1997). Predator introductions are associated with trophic or ecological
cascades in a range of ecosystems (Khan et al. 2003, Walsh et al. 2016). In particular, predation by
invasive cats (Felis catus) and foxes (Vulpes vulpes) has led to species declines and extinctions
worldwide (Calaby 1960, Clout and Russell 2008, Medina et al. 2011, Woinarski et al. 2015). In
Australia, an innate naiveté toward introduced predators has contributed to the extinction and decline
of at least 36% of the native mammal species (Woinarski et al. 2015). Some of the heaviest declines
have occurred in arid and semi-arid habitats, where species of intermediate body size (‘critical weight
range mammals’, 35 g – 5500 g), (McKenzie et al. 2007), and greater mass (up to 10 kg, i.e. Hanna
and Cardillo 2014), have been more susceptible to predation by invasive species. In total, 30
Australian native mammal species have been declared extinct subsequent to the arrival of European
settlers on the continent in 1788 (Woinarski et al. 2015). Australia therefore has the highest rate of
terrestrial mammal extinctions globally (IUCN 2015).
The broader impacts of ecological extinctions are poorly understood, but research suggests that
mammal declines have altered assemblages of plant, invertebrate and microbe species, resulting in
ecological cascades and changes in ecosystem function and biodiversity (Silman et al. 2003, Clarke et
al. 2015, Eldridge et al. 2015, Silvey et al. 2015). A variety of ecological interactions and functions
such as soil turnover, seed-dispersal, mutualisms, competition and predation may have been changed
following the loss of native Australian mammal species from arid habitats (Gibb 2012). Some
declining/extinct native species fulfilled ecological engineering functions (c.f. Jones et al. 1996)
including burrowing (Eldridge and James 2009), and trophic roles including insectivory, where many
species were either partially to completely insectivorous (Calaby 1960, Bice and Moseby 2008,
Navnith et al. 2009, Gibb 2012). Both functions have important impacts on the composition and
diversity of plant and animal communities. For example, burrowing is a source of soil disturbance in
arid ecosystems that affects the spatial heterogeneity of plant and soil communities, and creates
thermal refuges which are an important resource, especially for ectotherms, where shade resources are
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limited (Whitford and Kay 1999, Root-Bernstein and Ebensperger 2013). Insectivores are known to
suppress the abundance of their prey through both consumption and nest disturbance, with exclusions
facilitating higher abundances (e.g. Hirsch et al. 2014). The loss and decline of these functions due to
invasive species is believed to have had significant impacts on the ecology of Australian ecosystems
(Fleming et al. 2014, Woinarski et al. 2015).
The influence of rainfall (aridity) over productivity is one of the defining aspects of arid habitats
because resources (e.g. plant cover) are limited by water availability (Fischer and Turner 1978,
Hadley and Szarek 1981, Rodríguez-Castañeda 2013). Productivity can have an context-specific
influence over the effect magnitude of biotic interactions (e.g. predation, Hoset et al. 2014). One
hypothesis suggests that predator-prey interactions are limited along decreasing productivity gradients
as prey density is more limited by resource quality and availability than by predation (Oksanen et al.
1981).
Recognition that invasive predators are the main drivers of mammal loss in Australia has inspired
conservation efforts to develop predator-free sanctuaries for species reintroductions (Hayward and
Kerley 2009). Mammal reintroductions following introduced predator removal have been highly
successful in terms of the survivorship of reintroduced target species (Manning et al. 2015), but it is
unclear whether these reintroductions represent a reconstruction of past ecosystems given a lack of
reliable historical data (Silvey et al. 2015, Nogués-Bravo et al. 2016). Existing examinations of the
impact of mammal reintroductions have used single-sanctuary studies (James and Eldridge 2007,
Clarke et al. 2015, Silvey et al. 2015) which may overlook factors such as climatic gradients that
operate across broader scales (Fayle et al. 2015), and which are unable to include truly spatially
independent replicates because they use single or adjacent fenced areas (Hurlbert 1984). Invertebrates
are very important in terms of biodiversity and ecological function, yet few recent examinations of
their responses to ecological cascades have been performed (Clarke et al. 2015, Silvey et al. 2015).
Thus far, only one study has examined the effect of mammal reintroductions across multiple
sanctuaries on termites (Coggan et al. 2016), which are the dominant invertebrate soil engineers and
detritivores in Australian arid systems (Morton et al. 2011).
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Before European colonisation, native digging mammals were likely to have been important
disturbance agents and predators of subterranean termites and other ground-dwelling invertebrates
(Gibb 2012, Silvey et al. 2015). Termite responses to disturbance observed in semi-arid and tropical
agroecosystems suggest that shifts in habitat complexity and diversity from natural vegetation to
cultivated monoculture result in decreasing abundance and biomass (Eggleton et al. 1996; Luke et al.
2014), but not always termite species richness or diversity. The decreases in termite abundance and
biomass are linked to the removal of vegetation cover. Vegetation in the form of dead and live plant
material is a buffer against variations in soil moisture and temperature, which is important for termites
(Muvengwi et al. 2017). In addition to their functional significance, termites are consumed by a
variety of fauna (e.g. Sheppe 1970, Morton and James 1988, Colli et al. 2006), and are an important
dietary item for many critical weight range mammal species (Calaby 1960, Bice and Moseby 2008,
Navnith et al. 2009).
Reintroductions offer a unique opportunity to examine ecological cascades resulting from ecological
extinction due to species invasions. We compared habitat availability and termite assemblages at three
reintroduction sanctuaries. These were located in arid and semi-arid southern Australia, and examined
mammal reintroduction across an increasing aridity gradient, with changes in habitat availability and
the abundance, biomass and composition of termite species assemblages. We hypothesised that the
restoration of ecological cascades would be associated with differences in habitat availability
(percentage cover) and termite assemblages (abundance, biomass and species composition). We
expected that mammal reintroduction would be associated with greater bare ground cover as a result
of soil disturbance (James and Eldridge 2007) and with reduced plant cover due to the combined
effect of disturbance and herbivory (Fleming et al. 2014). Previous studies have shown that the
abundance of ground spiders decreases following mammal reintroduction (Silvey et al. 2015), through
a combination of trophic and physical (soil disturbance) interactions. We expected lower termite
abundance and biomass, and changes in termite species composition (i.e., fewer species whose
feeding and nesting requirements are more sensitive to disturbance) inside sanctuaries. Finally, we
expected to find differences in the effect magnitude of responses by termites to mammal
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reintroduction that would be associated with the aridity gradient across sanctuaries, with effect sizes
increasing with decreasing aridity.

2. Methods
2.1. Study sites and vegetation

We performed experiments in three conservation sanctuaries where native burrowing mammals have
been reintroduced following their extinction from south-eastern Australia. These were Arid Recovery
and Yookamurra Sanctuary in South Australia and Scotia Sanctuary in New South Wales (Table 1,
Figure. 1a). The sanctuaries were located along a semi-arid to arid aridity gradient, where vegetation
varied from low acacia shrublands at the most-arid site (Arid Recovery), to mallee eucalyptus
woodlands in the wetter sites (Scotia and Yookamurra sanctuaries), (Table 1). Temperature,
precipitation, gross primary production (GPP) and the enhanced vegetation index (EVI) co-varied
with aridity. Scotia and Yookamurra sanctuaries supported dominant mallee-eucalyptus canopies,
with a shrubby vegetative understory of mixed chenopods, with Triodia at Scotia Sanctuary. The
dominant low-level vegetation/canopy cover at Arid Recovery included Acacia species
(predominantly A. ligulata), and Atriplex (saltbush) species. During the time of our visit, desert
rattlepod (Crotalaria eremaea) and various dry grasses (not flowering) were the main non-shrub
ground covers present. Scotia and Yookamurra sanctuaries both supported cryptogamic crusts, which
bound the soil surface at those sanctuaries, whereas the sampling locations at Arid Recovery did not.
All sanctuaries have a history of pastoral-use for grazing non-native livestock. Historic livestock
densities ranged between 0.02 head.ha-1 to 0.1 head.ha-1 (Read 2002, Squires and Bennett 2004,
Westbrooke 2012). Maximum stocking densities were based on calculations for the carrying capacity
of arid/semi-arid regions of South Australia, as determined by average annual rainfall ( 0.1 head.ha-1,
Squires and Bennett 2004).
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Table 1. Study site attributes, including densities and diets of reintroduced mammals, reserve size, climate,
vegetation and soils.
Yookamurra
Key reintroduced
mammals a

Climate b

Vegetation class,
soils and
productivity b, c

0.44 bettongs ha-1

0.20 bettongs

Greater bilby

0.03 bilbies ha-1

0.09 bilbies ha-1

0.08 bilbies ha-1

0.06 numbats ha-1

0.05 numbats ha-1

Absent

D, O, I
T

ha-1(f)╫

0.30 bettongs

Arid Recovery
ha-1

Burrowing bettong D, O, H

Numbat
Sanctuary
attributes a, b

Scotia
ha-1

0.06-0.1 head

ha-1(d)

0.02-0.1 head ha-1(e)

Historic stocking densities

~0.1 head

Area fenced

1092 ha

8000 ha †

6000 ha

Latitude

34°31’19.38’’S

33°8’9.00’’S

30°33’55.38’’S

Longitude

139°28’31.91’’E

141°11’33.00’’E

136°55’3.85’’E

Aridity index

0.22

0.14

0.06

Annual precipitation

278.0 mm

233.0 mm

161.0 mm

Rain Days/Year

52.4

42.1

26.8

Yearly average temperature

22.61°C

24.44 °C

26.35°C

Agroclimatic designation

Mediterranean

Semi-arid

Desert

Native vegetation

Mallee wood & shrub
lands

Mallee wood &
shrub lands

Acacia shrub land

Main overstory

Mallee eucalyptus

Mallee eucalyptus

Acacia ligulata

Main understory

Westringia rigida,
Chenopods

Triodia spp.,
Chenopods

Crotalaria eremea,
Chenopods

GPP
EVI
Soil Type

0.0124 KgC m-2
0.2204 EVI
Kandosols

0.0072 KgC m-2
0.1773 EVI
Rudosols/tenosols

0.0043 KgC m-2
0.1232 EVI
Kandosols

Aridity Index: Arid: <0.05-0.20, Semi-arid: 0.20 -0.5; EVI: Enhanced Vegetation Index; GPP: Gross Primary
Production. D: Digging mammal, H: Herbivore, I: Insectivore, O: Omnivore, T: Termitivore. Sources: a
AWC/Arid Recovery data, b (Australian Virtual Herbarium 2015), c (Morton et al. 2011), d (Westbrooke 2012), e
(Read 2002), f (Squires and Bennett 2004)╫No historic data for Yookamurra. Estimate is for semi-arid/arid
pastoral land in South Australia. †4000 ha examined: density data are for Stage 1 only. Table reproduced from
(Coggan et al. 2016).
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Figure 1. a) Location of study sites across an aridity gradient: Arid Recovery (AR, annual precipitation: 161
mm.yr-1), Scotia Sanctuary (SS, 233 mm.yr-1), Yookamurra Sanctuary (YS, 278 mm.yr-1); b) measurements
were performed in six paired sampling locations in reintroduction (black circles) and control (white circles)
habitats, i.e. with reintroduced native mammals vs. without them; c) Vegetation cover, termite abundance,
biomass and diversity were measured using quadrat and trench-sampling methods respectively at each of the six
sampling sites.

2.2. Reintroduced Mammal Assemblages
All sanctuaries included a large enclosure into which regionally-extinct mammals had been
reintroduced and adjacent ‘control’ areas where these species were absent (Figure 1b, Table 1). The
control sites were managed to reduce populations of introduced cats, foxes and rabbits. Exotic
predators and rabbits were absent inside the reintroduction enclosures, which ranged in size from
1092 – 8000 ha (Table 1). Arid Recovery, Scotia and Yookamurra sanctuaries protect reintroduced
native mammal assemblages that include species in the highly-threatened critical weight range
(McKenzie et al. 2007). Two species were present at all three sanctuaries: these are the greater bilby
(Macrotis lagotis) and the burrowing bettong (Bettongia lesueur). They were some of the most
abundant species to have been reintroduced. Both are considered to be ecosystem engineers due to
their burrowing activity (Jones et al. 1996, Eldridge and James 2009) and may be important
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facilitators for the establishment of other native fauna such as the numbat (Myrmecobius fasciatus),
(Hayward et al. 2015). Bettongs and bilbies are opportunistically insectivorous, with termites and
arthropods included in between 70-80% of their diet (Bice and Moseby 2008). Full species lists can be
accessed through the public websites for the Australian Wildlife Conservancy and Arid Recovery
(Table 1)4.

2.3. Sampling Design
We tested the effects of native mammal reintroduction on the abundance, biomass and species
composition of subterranean termites, using six paired sites inside and outside sanctuaries (Figure 1b).
Pairing the survey sites minimised spatial autocorrelation in environmental characteristics, i.e., higher
similarity between sites closer together than those further apart, in addition to replicating mammal
reintroduction across the three sanctuaries. Paired sampling was particularly important because,
although some sanctuaries had several fences separating different sections, none provided truly
independent replicate fenced areas. Survey sites within each pair were approximately 300 m from the
sanctuary fence line, which acted as the midpoint between sites (thus, sites were separated by
approximately 600 m). Where possible, the 6 pairs were spaced at 1 km intervals, following the fence
line perimeter. At Scotia Sanctuary, the distance between pairs varied between 3 and 10 kilometres
because a controlled burn in the control area had affected habitat for a 5 km section of the fence line.
2.3.1. Vegetation surveys
We predicted that ground cover would be lower in reintroductions and that native mammal effects
would be greatest in the least arid sites, where productivity and hence ground cover should be greater
relative to the more-arid sites. To survey vegetation cover, we visited sanctuaries between September
and November 2012. We established one 5 m x 5 m quadrat at each of the six paired sites in each
sanctuary (Figure 1b & 1c). In every quadrat, we estimated the percentage cover of four vegetation
characteristics: bare ground, shrubby vegetation (n.b. definition tailored to variation at each sanctuary,

4

Additional threatened species and livestock lists can also be found in Table 2d in the General Methods section of this
thesis.
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this included grasses and branching plants up to 50 cm tall at Yookamurra, branching plants ~ 50 cm
tall and Spinifex at Scotia, grasses at Arid Recovery), leaf litter and dead wood. For the dead wood,
we calculated the average volume of logs (lying dead wood) with a diameter ≥ 5 cm in every quadrat
(c.f. Gibb and Cunningham 2010). Standing stems were not measured. Log volume was estimated as
the volume of a cylinder in cubic centimetres, using log length and diameter measured at the midpoint of the log.
2.3.2. Termite Surveys: species composition, abundance and biomass

We asked whether observed effects resulted from changes in vegetation availability (landscape-scale
analyses of termites per hectare), or directly from mammal disturbance (habitat-scale analyses of
termites per square meter). We predicted that termite abundance would be lower where native
mammals were reintroduced, and that the effect magnitude would be related to aridity. Termite
assemblage composition was expected to reflect availability of vegetation cover, but mammals were
expected to have additional effects on abundance and biomass as a source of soil and resource
disturbance (see Eggleton and Tayasu 2001). To test the effect of burrowing mammal reintroductions
on termite abundance and biomass, we sampled termite assemblages in soil under bare ground, leaf
litter, shrubby vegetation and dead wood at each site (Figure 1b). We used a modified form of
standardised trench sampling (c.f. Traill et al. 2010) to collect termites. We collected soil into buckets
from the equivalent of two trenches measuring 1000 cm x 50 cm x 10 cm deep (i.e. 1m2 of soil) under
each of the four habitat types in each plot (Figure 1c). We passed the soil twice through a sieve with
0.5 mm x 0.5 mm apertures to extract the termites, and then hand-searched the sieved soil and debris
in order to maximise our detection of the termites per sample. The total number of termites from each
habitat was recorded (i.e., their abundance), and soldiers were used to identify termites to species. We
classified termites into functional groups defining their feeding and nesting habits (after Braithwaite et
al. 1988, Eggleton and Tayasu 2001) to assess changes in termite species composition. The total dry
mass of termites in each sample by species was weighed after freeze-drying to calculate their biomass
in each habitat. Finally, we scaled termite abundance and biomass from the habitat-scale (g.m-2) to the
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landscape-scale (g.ha-1), based on vegetation availability, in order to estimate the net effect of
mammal reintroductions upon termite assemblages (formula: Appendix 1).
2.4. Data Analyses
We used generalised linear models (GLM) in the MASS package in R (Ripley et al. 2015), to assess
the effect of mammal reintroduction and sanctuary location on vegetation availability as well as
termite abundance and biomass at the patch scale, and scaled up our estimates of termite abundance
across all habitats using our habitat cover estimates to determine the net effect of reintroduction on
termite responses at the plot scale (i.e., including any differences in vegetation type cover). The data
for vegetation cover, termite abundance and biomass contained many zeroes and were over-dispersed
(variance > mean) (Crawley 2007), so a negative binomial response distribution was used in these
analyses. Tukey’s post-hoc tests were used to disentangle significant interactions. We used
ManyGLM (negative binomial distribution) to test the effect of mammal reintroduction on the
composition of termite species assemblages at each sanctuary (Mvabund package, R, Wang et al.
2012). We used this analysis to test effects of environmental predictors (i.e. reintroduction, vegetation
type and location) on termite assemblage composition (Warton et al. 2012). Effect magnitudes were
calculated as the difference between termite species abundance measured in reintroductions and
controls (i.e. Reintroduction abundance – Control abundance), and we used these to visualise the
responses of individual species within the termite assemblages to mammal reintroduction at each
sanctuary.
3. Results
3.1. Vegetation
Vegetation was affected by interactions with native mammal reintroduction (Figure 2a, Table 2) and
sanctuary location (Figure 2b, Table 2). Leaf litter and dead wood availability were not significantly
influenced by mammal reintroduction. In comparison, reintroductions were associated with
significantly greater bare ground cover and significantly less shrubby vegetation than control habitats
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(Figure 2a). Vegetation cover was also dependent upon location, with strong significant effects for
bare ground and shrubby vegetation, weaker effects for leaf litter, and no effects for dead wood.
Specifically, bare ground cover increased, while shrubby vegetation cover decreased from
Yookamurra Sanctuary to Arid Recovery, which was consistent with our predictions for the context
dependency of habitat cover along ecological gradients. There was significantly less leaf litter
recorded at Scotia Sanctuary than at Arid Recovery and Yookamurra Sanctuary (Figure 2b, Table 2).
Table 2. General linear model testing the influence of native mammal reintroduction on vegetation cover at three
locations along an aridity gradient. Pseudo R2 = 0.50.

Intercept
Location (L)
Status (S)
Veg. type (V)
L*S
L*V
S*V
L*S*V

d.f.

Dev.Res.

2
1
3
2
6
3
6

0.27
0.00006
5.84
0.09
0.57
0.33
0.20

Df
287
285
284
281
279
273
270
264

Res.Dev.
14.41
14.14
14.14
8.30
8.21
7.64
7.31
7.11

Pr (>Chi)
0.01
0.88
<0.0001
0.18
0.002
0.01
0.28

Figure 2. Comparison of vegetation cover measured in 5 m x 5 m quadrats in a) areas where native mammal
assemblages are present (reintroduced populations) versus absent (locally extinct controls), and b) overall
vegetation cover measured across the same locations along an aridity gradient, running from Arid Recovery,
(driest) to Yookamurra Sanctuary (least-dry). Columns represent the mean ± S.E. of available vegetation.
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3.2. Termite assemblage
We collected thirteen termite species belonging to eight genera within two families: Rhinotermitidae
(Coptotermes, Heterotermes, Schedorhinotermes), and the Termitidae (Amitermes, Ephelotermes,
Microcerotermes, Nasutitermes and Tumulitermes). Our collection averaged 70 termites.m-2 across
control and reintroduction habitats, with a biomass of 13 g.m-2 at the patch scale. The equivalent
average biomass of these termites at the landscape scale was approximately 34,000 g.ha-1 (see
Appendix 1 for estimated average abundances of the termite species assemblage).
Patch-scale effects
At the patch scale, termite abundance and biomass in some vegetation types varied with location or
mammal reintroductions (Table 3). Termite abundance in bare ground and leaf litter was always lower
when mammals were reintroduced across all locations (Figure 3a and c). In shrubby vegetation and
dead wood, termite abundance was influenced by an interaction with mammal reintroduction status
that changed across locations (Figure 3b and d). Patch-scale termite abundance was higher in shrubby
vegetation at Arid Recovery and Scotia Sanctuaries, but was lower at Yookamurra Sanctuary when
reintroduced mammals were present (Figure 3b). Termite abundance in dead wood also differed
across locations when reintroduced mammals were present; abundances were lower at Arid Recovery
and Yookamurra Sanctuaries, but were higher at Scotia Sanctuary (Figure 3d). Differences in termite
biomass were similar to differences in abundance for bare ground, shrubby vegetation and leaf litter at
the patch-scale (Figure 3e-g). In contrast, termite biomass in dead wood at Scotia Sanctuary was
lower when reintroduced mammals were present (Figure 3h). In terms of the overall abundance and
biomass of termites across vegetation types, both were highest in dead wood, which was also the least
available vegetation type, and lowest in bare ground.
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Table 3. General linear model testing the influence of native mammal reintroduction on termite abundance and
biomass at the patch and landscape (net effect) scale in three locations along an aridity gradient. Pseudo R 2
habitat-scale abundance =0.36, and biomass =0.27). Pseudo R2 landscape-scale abundance = 0.25, and biomass
=0.28.
Abundance
Patch-scale

d.f.

Dev. Res.

Intercept

Df

Res. Dev.

287

537.69

Pr (>Chi)

Biomass
Dev.
Res.
Res. Dev.

Pr (>Chi)

126.50

Location (L)
Status (S)

2
1

0.81
36.28

285
284

536.88
500.59

0.76
<0.0001

0.004
0.16

126.50
126.34

0.94
0.12

Veg. cover (V)
L*S

3
2

99.87
5.17

281
279

400.72
395.55

<0.0001
0.18

0.01
0.10

126.33
126.23

0.60
0.75

L*V

6

7.26

273

388.29

0.57

0.02

126.22

0.73

S*V

3

26.63

270

364.66

0.001

0.12

126.10

0.23

L*S*V

6

23.52

264

341.15

0.02

0.54

125.56

0.003

35

1.00e+11

Landscapescale
(net effect)
Intercept

493.18

Location

2

7.47e+08

33

9.96e+10

0.86

2.00

491.18

0.37

Status

1

1.95e+10

32

8.01e+10

0.01

120.80

370.37

<0.0001

L*S

2

5.68e+09

30

7.44e+10

0.32

18.78

351.60

<0.0001

Landscape-scale effects
There was a 41% difference in net abundance (Figure 4a) and a 62% difference in the net biomass
(Figure 4b) of termites across locations (Table 3). This meant that there were significantly fewer
termites overall when reintroduced mammals were present, even though their responses varied in
association with mammal reintroduction at the patch-scale (Figure 3).
Species composition
Termite species composition was significantly influenced by mammal reintroduction, sanctuary
location and vegetation type (Table 4a and 4b). Most termite species were more abundant in controls,
particularly the Rhinotermitidae, which feed on dead wood and generally nest underground,
tunnelling through the soil to access new resources (P. Eggleton, pers. comm.). The magnitude of the
net effect of mammal reintroduction upon termite abundances was greater at Yookamurra than at Arid
Recovery (Scotia was intermediate) for most species (Table 4c). This was consistent with our
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prediction that effect magnitude would be context dependent across locations. The abundance of soil
Heterotermes ferox, Coptotermes frenchi and Schedorhinotermes reticulatus were usually lower
when reintroduced mammals were present. In contrast, patterns of change were less consistent across
locations for Amitermes, Microcerotermes, Nasutitermes, Tumulitermes and Ephelotermes species,
which can have above-ground nests (epigeal nests) (Table 4c).

Figure 3. Influences of native mammal reintroduction (mammals present) on termite abundance (a-d) and
biomass (e-f), versus control habitats where those mammals are absent. Comparisons were made at three
locations along an aridity gradient, running from Arid Recovery (driest) to Yookamurra Sanctuary (least-dry).
Columns represent the mean ± S.E. of termite abundance and biomass measured from soil in bare ground (a and
e), shrubby vegetation (b and f), leaf litter (c and g) and under dead wood (d and h).

102

General Discussion

Table 4. ManyGLM analysis of the influences of native mammal reintroduction on termite species assemblages in vegetation types measured at three locations along an
aridity gradient. (b) List of termite species affected by mammal reintroduction determined by post-hocs. (c) Effect magnitude of mammal reintroductions on the abundance of
individual termite species. Magnitudes are expressed as shaded percentiles. Symbols indicate the direction of the effect (positive, negative or equal).
(a)
Df

d.f.

Dev.

Sig.

Intercept
Location(L)

287
285

2

139.06

Veg. type (V)

282

3

123.26

Status (S)

281

1

46.74

0.00
1
0.00
1
0.01

L*V

275

6

70.39

0.16

L*S

273

2

19.16

0.14

V*S

270

3

44.52

0.06

L*V*S

264

6

28.23

0.20

(b)
Affected species
Amitermes colonus, A. neogermanus, Ephelotermes argutus,
Heterotermes ferox, Nasutitermes exitosus, Schedorhinotermes reticulatus
Tumulitermes recalvus.

(c)
Termitidae
Soil mounds, soil, some arboreal

Family
Main nesting
Main feeding

Decaying litter

Decaying wood

Rhinotermitidae
Soil
Grass

Wood

Key
100%

-

-

-

75%
50%

Overall change

-

Schedorhinotermes reticulatus

Heterotermes ferox

-

Coptotermes frenchi

+
-

Ephelotermes argutus

-

=
+
-

-

T. tumuli

Tumulitermes recalvus

+

Nasutitermes exitiosus

+

+
-

M. serratus

=

Microcerotermes cavus

-

M. distinctus

+
+
+

A. xylophagus

AR
SS
YS

A. neogermanus

Location

Amitermes colonus

Species name

-

25%
No change
Not detected

-
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Figure 4. The net effect of mammal reintroductions on termite a) abundance and b) biomass in three locations
along an aridity gradient. Columns represent the mean ± S.E. of responses in habitats where native mammals are
either absent (controls), or are present as reintroduced communities (reintroductions).

4. Discussion
Exotic species invasions are one of the driving forces of modern ecological change (Clout and Russell
2008) and may produce ecological cascades with broad-reaching consequences for species diversity
and function (e.g. Gibbs et al. 2008, Hultine et al. 2015). Species reintroductions may recover
functioning and diversity. Patch-scale effects include direct interactions through predation or habitat
disturbance which change community structure (Davidson et al. 1999, Silvey et al. 2015). At the
landscape scale, significant changes can affect available vegetation and resource heterogeneity
(Bangert and Slobodchikoff 2000). For example, it can affect termite resource consumption in
conjunction with context-dependent responses to increasingly arid habitats (Coggan et al. 2016)5. We
present the first study to use replicate native mammal reintroductions to investigate associations with
vegetation change and multi-scalar consequences for termites, a key group of detritivores in arid
ecosystems. Our results suggest that reintroductions are associated with significant changes in
vegetation availability and the abundance, biomass and composition of termite species. The effects of
reintroduction were greatest for species which nested in soil and fed on wood, which is similar to
termite responses to resource simplification and reduction in vegetative cover on other continents
(Eggleton et al. 1996; Luke et al. 2014; Muvengwi et al. 2017). We also found evidence to suggest

5

And see Research Chapter 1 of this thesis.
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that the effect magnitude of reintroductions on both termites and habitat availability may be mediated
by aridity.
4.1. Vegetation availability
Introduced fauna have strongly influenced the distribution of resources maintained by native species.
For example, by either driving them to local or complete extinction, as with our investigation, or by
amplifying interactions such as herbivory, sometimes to the detriment of native habitats (Zavaleta et
al. 2001, Bailey et al. 2007). Mammal reintroductions were associated with significant differences in
the percentage cover of bare ground and shrubby vegetation, although the magnitude of these changes
depended upon sanctuary location. Across sanctuaries, the percentage cover (i.e. availability) of bare
ground and shrubby vegetation was always greater than that of leaf litter and dead wood. Bare ground
cover was significantly greater, and shrubby vegetation significantly less, inside mammal
reintroduction enclosures. Bettongs and bilbies are among the key species to be reintroduced as part
of the native mammal assemblage across the three sanctuaries. Both species function as burrowing
ecosystem engineers and as omnivores, with bettongs tending towards herbivory and bilbies towards
insectivory (Bice and Moseby 2008, Navnith et al. 2009). The reintroduction of both of these species
probably contributed to the differences in bare ground and shrubby vegetation cover that we observed
inside reintroduction enclosures. There are no measures of soil engineering by bettongs and bilbies
prior to their decline across mainland Australia. However, observation of soil disturbances by these
two species (inside one reintroduction enclosure, Arid Recovery, James and Eldridge 2007) indicates
that between 1.27-5.99 tonnes.ha-1 of soil per animal are manipulated by bilbies and bettongs during
foraging each year (Eldridge and James 2009). In comparison, European rabbits and sand goannas,
which also occur in those habitats, move between 0.1-0.36 t.ha-1 and 0.07-0.88 t.ha-1 of soil per
animal, per year, respectively (Eldridge and James 2009). It is therefore not surprising that bare
ground cover was greater inside reintroduction enclosures than controls. The decrease in shrubby
vegetation may be attributed to a combination of herbivory by removing vegetation biomass, and soil
disturbance preventing establishment (Verdon et al. 2016), although soil from mammal foraging pits
has also been shown to enhance germination (James and Eldridge 2007). This parallels findings for
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threatened ecosystem engineers globally: in grassland systems, reintroduced and naturally-persisting
prairie dog (Cynomys spp.) colonies are associated with the expansion of bare ground habitats and the
contraction of vegetation cover (Davidson et al. 2012), with additional herbivory by burrowing
species in other systems exacerbating the negative impact upon vegetation (e.g. Beckerman et al.
1997). Degraded habitats may take longer to regain their structure after locally-extinct natives are
reintroduced, particularly where native species’ interactions with resources such as plant cover
maintained habitat characteristics (e.g. Hunter and Gibbs 2014).

4.2. Responses of termites: patch-scale
Termite abundance and biomass in reintroduction enclosures were significantly lower than controls.
Termite abundance and biomass was also consistently highest in dead wood habitats, even though this
habitat was the least available resource across sanctuaries. Rhinotermitid species were generally less
abundant, and termitid species more abundant than controls. Of these two groups, Rhinotermitidae
nest in soil and tunnel through it to find wood to eat, whereas Termitidae tend to nest above ground
and access other resources that include dead litter, grass and wood (Eggleton and Tayasu 2001, P.
Eggleton, pers. comm.). Mammal reintroductions may have contributed to these patterns through a
combination of direct predation (Bice and Moseby 2008, Navnith et al. 2009, Gibb 2012, Hayward et
al. 2015, Silvey et al. 2015, Woinarski et al. 2015), soil disturbance (Eldridge and James 2009), and
indirect changes to vegetation types (i.e., bare ground and shrubby vegetation). Other changes to
insect assemblages associated with reintroductions in our study system have been observed:
Reintroductions at Scotia sanctuary are associated with decreases in the abundance of spider
assemblages, possibly through cascading interactions between bilbies, dominant scorpions and spider
assemblages (Silvey et al. 2015). Experimental disturbance of buried resources (toilet paper) in a
related study also revealed up to 25% reduction in termite-driven decomposition, and up to 50%
greater resource abandonment inside reintroduction enclosures, with patterns suggesting that
additional predation by ants inside enclosures exacerbated the impacts of mammal reintroduction
(Coggan et al. 2016). An increase in soil disturbance by reintroduced mammals may have affected the
abundance and biomass of all termites encountered, but those with nests in the soil which also forage
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using subterranean tunnels could be exposed to greater disruption from mammal activity (see
Bandiera et al., 2003). In contrast, those nesting above-ground could encounter mammal disturbances
less frequently. Further research will be needed to determine the relative importance of soil
disturbance and direct (mammal) trophic impacts and indirect effects, such as changes to other
invertebrate communities (e.g. ants) which also prey upon termites.

4.3. Responses of termite assemblages
Termite abundance and biomass were consistently lower inside reintroduction enclosures, but the
magnitude of this effect was significantly greater at Yookamurra and Scotia sanctuaries than at Arid
Recovery. At Arid Recovery, mammal reintroductions were associated with 9% lower abundance, and
47% lower biomass. In contrast, we recorded 69% lower abundance and 87% lower biomass inside
reintroduction enclosures at Yookamurra sanctuary, with similar results at Scotia sanctuary (73%
lower abundance and 87% lower biomass than controls). The responses of termites inside
reintroduction enclosures also suggested that effect magnitudes were almost always greater for all
species at Yookamurra than Arid Recovery. Gradients in time since disturbance (Gibb 2011), land-use
(Vaessen et al. 2011), climate (Gibb et al. 2015), and latitude (McAfee et al. 2016), have all been
shown to affect the outcome of ecological interactions. We predicted that the effects of mammal
reintroductions would be context-dependent. We hypothesised that aridity would contribute to the
effect magnitude of mammal reintroductions on termite abundance and biomass. This was predicted
to result from reductions in vegetation availability associated with increasing aridity, given the
hypothesised limitation of productivity upon biotic interactions which is that resource shortage has
progressively less importance than predator impacts in determining prey density with increased
primary productivity (Oksanen et al. 1981). Factors other than aridity that varied across the
sanctuaries included historic densities of domestic livestock, and current reintroduced mammal
densities, both of which are capable of altering habitat availability (e.g. Read 1999, Eldridge et al.
2011, Verdon et al. 2016). The changes in vegetation cover across locations was most strongly
correlated with aridity, and not with mammal densities, as the maximum densities of these fauna are
limited by the carrying capacity of their habitat (estimated as 0.1 head.ha-1 for arid/semi-arid habitats
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in southern Australia, Squires and Bennett 2004), which is ultimately dictated by annual precipitation
(i.e. by aridity), (Hadley and Szarek 1981).

4.4. Conclusion
Our study is the first to compare ecological cascades resulting from native mammal reintroductions
across multiple enclosures (i.e., to include true replicates), and to consider the context-dependence of
their interactions with termites. Mammal reintroductions are predicted to restore ecological functions
(e.g. burrowing and herbivory) that were impacted by the introduction of cats and foxes in Australia
(Manning et al. 2015). Native mammal reintroductions in single-site studies have revealed ecological
cascades for arthropod (Silvey et al. 2015) and soil microfaunal communities (Clarke et al. 2015,
Eldridge et al. 2015). Previously, we showed that mammal reintroductions were associated with
reduced decomposition of buried resources, and greater resource abandonment when resources were
experimentally disturbed inside reintroduction enclosures (Coggan et al. 2016). In addition to impacts
on termite functioning, we suggest that mammal reintroductions have strong negative impacts on
termite abundance and biomass. Changes in assemblage composition were mainly attributed to greater
reductions in soil-nesting wood-eaters, alongside greater abandonment of disturbed resources have
both contributed to lower resource consumption by termites that we previously observed inside
sanctuaries (Coggan et al. 2016). The effect magnitude of mammal reintroductions had contextdependent influences on net termite abundance and biomass, probably mediated by aridity and its
control over available vegetation (e.g. Fischer and Turner 1978, Hadley and Szarek 1981, Squires and
Bennett 2004). Mammal reintroductions in our study were ultimately linked to changes in
decomposition by termites (Coggan et al. 2016), which is a key role that they fulfil as primary
detritivores in desert ecosystems (Morton et al. 2011). It is not possible to judge appropriate baselines
of vegetation availability, termite abundance and species assembly given the absence of accurate
historical data for pre-European interactions (Pauly 1995, Silvey et al. 2015). Our results highlight the
value of considering interaction cascades in restored habitats, as well as the influence that native
species reintroduction can have on habitats and resources that have been extensively impacted by
introduced species. We have also highlighted the benefit of replicating reintroduction effects across
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multiple sanctuaries, which revealed a strong context-dependency of interaction outcomes. This
implies that impacts of mammal reintroductions measured in one locality may not directly translate to
other areas, particularly if ecological gradients (e.g. aridity) differ between habitats intended for
restoration.
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Appendix 1. Abundance and biomass of whole termite assemblage at the patch and landscape scale, with
scaling formula.
Patch-scale

Amitermes colonus
A. neogermanus
A. xylophagus
Coptotermes frenchi
Heterotermes ferox
Microcerotermes cavus
M. distinctus
M. serratus
Nasutitermes exitosus
Schedorhinotermes reticulatus
Ephelotermes (Termes)
argutus
Tumulitermes recalvus
T. tumuli
Landscape-scale (net effect)

Mean abundance (termites.m-2)
BG
SV
LL
DW
10
43
79
85
46
11
203
15
39
42
68
41
22
194
54
15
161
148
77
16
106
179
48
165
17
8
12
415
252
1
216
293
73
563
45

23

2
604

Mean
abundance
(termites.ha-1)

31

Mean
biomass
(g.ha-1)

Amitermes colonus

999,911

38,000

A. neogermanus

668,984

37,000

A. xylophagus

492,042

26,000

Coptotermes frenchi

589,948

27,000

Heterotermes ferox

755,982

47,000

Microcerotermes cavus

456,250

22,000

M. distinctus

600,000

40,000

M. serratus

102,890

27,000

Nasutitermes exitosus

347,500

72,000

Schedorhinotermes reticulatus

326,6154

287,000

Ephelotermes (Termes) argutus

432,969

32,000

Tumulitermes recalvus

308,272

90,000

T. tumuli

188,7500

190,000

BG
0.04
2.62
0.25
3.00
3.07

Mean biomass (g.m-2)
SV
LL
1.34
2.50
0.22
1.58
1.87
1.53
0.31
0.25
10.12
0.11
4.50
0.29

0.05
17.72

0.02
0.01

0.07
21.74
2.77

4.92

0.23

0.001
60.82

DW
5.19
21.53
4.73
47.80
12.40
42.67
42.93
179.25
190.34
64.85
0.58

Scaling formula
1 ha (termite abundance or biomass per m‐2)
∑[
]
proportion of veg. type available

Vegetation types: Bare ground, shrubby vegetation, leaf
litter, dead wood.
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Appendix 2. ManyGLM post-hoc tests testing the responses of termite species abundances to mammal
reintroduction.
Location (L)
Veg. type (V)
Status (S)
L*V
L*S
V*S
L*V*S
Location (L)
Veg. type (V)
Status (S)
L*V
L*S
V*S
L*V*S

Location (L)
Veg. type (V)
Status (S)
L*V
L*S
V*S
L*V*S
Location (L)
Veg. type (V)
Status (S)
L*V
L*S
V*S
L*V*S

Wald
Pr(>Wald)
Amitermes colonus
0.46
1.00
4.28
0.01
3.18
0.02
0.47
1.00
0.33
1.00
0.28
1.00
0.05
1.00
Ephelotermes argutus
0.06
1.00
4.19
0.01
0.75
0.90
0.25
1.00
0.01
1.00
0.10
1.00
0.04
1.00
M. serratus

Wald
Pr(>Wald)
A. neogermanus
0.66
1.00
3.77
0.02
0.87
0.90
0.15
1.00
0.33
1.00
0.17
1.00
0.05
1.00
Heterotermes ferox
0.68
1.00
4.29
0.01
1.94
0.33
1.47
0.99
1.62
0.70
4.69
0.002
0.14
1.00
Nasutitermes exitosus

0.25
0.60
1.61
0.09
0.02
0.01
0.01
T. tumuli
0
0.27
0.51
0
0
0.09
0

1.04
4.38
3.52
0.42
0.04
0.23
0.05

1.00
1.00
0.56
0.99
0.98
1.00
1.00

1.00
0.004
0.01
0.99
0.98
1.00
1.00

Wald
Pr(>Wald)
A. xylophagus
0.24
1.00
2.71
0.17
1.33
0.73
0.01
1.00
0.01
1.00
2.66
0.15
0.01
1.00
Microcerotermes cavus
1.85
0.89
2.89
0.15
2.12
0.24
0.11
0.99
0.23
1.00
0.57
1.00
0.11
1.00
Schedorhinotermes
reticulatus
0.47
1.00
3.81
0.01
5.12
0.002
0.82
0.99
0.16
0.98
0.87
0.98
0.05
1.00

Wald
Pr(>Wald)
Coptotermes frenchi
1.60
0.96
1.95
0.58
1.10
0.84
1.97
0.88
1.56
0.70
1.51
0.76
0.11
1.00
M. distinctus
0.20
1.00
0.41
1.00
0.42
0.93
0.13
1.00
0.08
1.00
0.05
1.00
0.03
1.00
Tumulitermes recalvus
0.63
4.27
0.38
2.65
0.60
0.31
0.05

1.00
0.01
0.93
0.50
0.98
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
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Abstract
Species loss can affect community structure and ecological processes. There have been widespread
extinctions of Australia’s native mammals, potentially leading to extinction cascades. Coprophilic
invertebrates are mutualists of mammals, and are functionally important decomposers. It is important
to understand how they have been affected by mammal declines. To address this question, we
examined coprophilic invertebrate communities associated with bilby dung at three sanctuaries where
bilbies and other regionally-extinct mammals were reintroduced (reintroductions), and at a fourth
location, where bilby populations persisted in the wild (remnant). We surveyed sites with and without
bilbies at each location, measuring invertebrate activity and function on bilby dung. Kangaroo dung
was used as a benchmark for a native mammal whose population has not declined. We hypothesised
that:1) the composition of coprophilic invertebrates on bilby dung would differ between sites with
versus without bilbies; 2) invertebrate activity would be greatest at the remnant location, and 3) some
species would be exclusively active on bilby dung only. Activity and diversity on kangaroo dung were
not expected to differ across locations. We found little evidence to suggest that coprophilic
invertebrate assemblages differed between areas with/without bilbies, or among remnant vs.
reintroduced populations. Communities included unspecialised and opportunistic invertebrates, with
no preference for bilby or kangaroo dung. The loss of bilbies from most of Australia did not lead to
co-extinction of an associated coprophilic invertebrate fauna. However, it is possible that modern
coprophilic assemblages are depauperate, with only ecologically flexible and opportunistic species
persisting.
Keywords: Community composition, dung fauna, ecological extinction, extinction cascades, shifting
baseline.
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Introduction
Human activity has caused significant declines and losses of global biodiversity, which
have had detrimental impacts upon community structure through extinction cascades (e.g.
Jones et al. 2003, Flynn et al. 2009). Even minor decreases in a population may influence
community structure (Kaiser-Bunbury et al. 2010, Berg et al. 2015, McConkey and
O’Farrill 2015). Decreasing populations may reach a threshold of decline from which
there is a very poor chance of recovery for the declining species (e.g. Alleway and
Connell 2015), or the affected habitats (e.g. Hunter and Gibbs 2014). Key examples of
impacts upon ecosystem processes include the interruption of seed dispersal and dung
decomposition (through loss of functional groups, i.e. Slade et al. 2007), which occur as a
result of defaunation (e.g. Culot et al. 2013) and as a by-product of habitat loss
(McConkey and Drake 2006).
Changes in animal host populations (i.e. dung producers) and habitat structure can
influence the activity and diversity of coprophilic invertebrate communities (Nichols et al.
2009), which can affect dung decomposition. Dung decomposition is a key component of
nutrient-cycling, contributing to soil fertility, and to detrital food webs as a source of
nesting material and as forage for species that directly consume dung. Dung also attracts
organisms that become sources of hosts or prey for hunting and scavenging species which
are not directly reliant upon dung (e.g. O'Hea et al. 2010, Tiberg and Floate 2011). These
resources include partially-digested plant or animal material (e.g. Pizo et al. 2005,
Freymann et al. 2008), parasite hosts, or live prey (McAlpine 2007, Wu et al. 2011). The
abundance, reliability and dietary composition (e.g. from an omnivorous, herbivorous or
carnivorous host) of dung supplies are critically important to some coprophiles because
they affect resource competition and survival (Carpaneto et al. 2005, Nichols et al. 2009).
Dung is a critical feeding and nesting resource for dung beetles (Coleoptera:
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Scarabaeidae) and several groups of flies (Diptera, e.g. Borboroides: Heleomyzidae,
McAlpine 2007), while other taxa (e.g. spiders, wasps, ants, flies, beetles) use dung
opportunistically (Freymann et al. 2008). Polyphagy is widely observed among
coprophages (particularly among flies, Wu and Sun 2010, Tiberg and Floate 2011),
oligophagy is moderately common (among dung beetles in particular), and monophagy is
relatively uncommon (Nichols et al. 2009). Mammal declines in forests have been linked
with changes in dung beetle activity and diversity, with predicted impacts upon
ecosystem functioning, such as the retardation of soil nutrient cycling and seed dispersal
(e.g. Slade et al. 2007, Culot et al. 2013, Feer and Boissier 2015). Co-extinctions of
coprophiles with hosts would require extreme host specificity or a limited co-occurrence
of related alternate hosts (e.g. bison, Bison bison and cattle, Bos taurus, Tiberg and Floate
2011) and has not been observed for any coprophilic taxa to date (e.g. Tiberg and Floate
2011). In contrast, declines of multiple hosts can influence the abundance and diversity of
both obligate and opportunistic coprophiles and change the structure of those
communities as a whole (e.g. Carpaneto et al. 2005, Culot et al. 2013, Feer and Boissier
2015).
Australia has the highest ‘modern’ mammal extinction record (IUCN 2015). Introductions
of two non-native predators (cats, Felis catus and foxes, Vulpes vulpes) following
European settlement in 1788 significantly contributed to the decline and extinction of 28
endemic terrestrial mammal species (Doherty et al. 2015, Woinarski et al. 2015). One
feature of these declines is the heightened risk of extinction for species with intermediate
body mass (critical weight range, ‘CWR’: 35-5500g), inhabiting arid environments (Short
and Turner 1993, McKenzie et al. 2007, McDonald et al. 2015). Many surviving, but
threatened, species are insectivores and/or omnivores. Their historical ranges covered
much of the Australian mainland, but populations have become restricted to islands or
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isolated portions of their original range (Dickman 1996 , Burbidge et al. 2009, Woinarski
et al. 2015). Declines in the abundance of a species are accompanied by declines in the
availability of its dung. Whether this decline in dung availability alters the composition
of coprophilic invertebrate communities remains a gap in our knowledge of the broader
impacts of mammal extinctions.
Large-scale reintroductions into predator-proof sanctuaries provide an opportunity to
restore associated communities (Hayward and Kerley 2009, Gibb 2012, Clarke et al.
2015, Silvey et al. 2015). Although they are ecologically extinct throughout much of
Australia, greater bilbies (Macrotis lagotis, Marsupialia: Thylacomyidae) are one of the
few desert-dwelling CWR species to persist in their original habitat, (Fleming et al. 2014,
McConkey and O’Farrill 2015). Their global population numbers fewer than 10,000
individuals, and the wild population of fewer than 1000 individuals occupies less than
20% of their historic range (Pavey 2006, Southgate and Carthew 2006). Bilbies and other
native mammals have been reintroduced to sanctuaries within their original range, which
protects them from predation by cats and foxes. Although no intentional coreintroductions of coprophilic invertebrates associated with native mammals have been
conducted (Burbidge et al. 2011), reintroduced mammal populations provide
opportunities to recover ecological interactions that may have been affected by extinction
(James and Eldridge 2007, Manning et al. 2015, Silvey et al. 2015, Coggan et al. 2016).
Our knowledge of the composition of coprophilic invertebrate assemblages associated
with intact native mammal populations is limited to a few species and their associated
habitats (Vernes et al. 2005, McAlpine 2007), while assemblages associated with bilbies
and other reintroduced native mammals are largely unknown (Clark and May 2002,
Clarke et al. 2015).
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Our aim was to investigate whether the composition of coprophilic invertebrate
assemblages were affected by the local extinction of greater bilbies. We examined the
abundance and diversity of coprophilic invertebrate communities attracted to bilby dung
by comparing communities at paired sites inside (bilbies present) and outside (bilbies
absent) three reintroduction sanctuaries and at one remnant bilby population. We used
kangaroo dung (Macropus giganteus, Diprotodontia: Macropodidae) as representing
benchmark for dung communities with a native host that has persisted widely across
Australia since European colonisation.
The composition of trophic groups present in a coprophilic invertebrate assemblage can
indicate how strongly those groups rely upon their host’s dung to survive (e.g. Tiberg and
Floate 2011). The diet and taxonomic relatedness of host mammal species are important
factors of dung use for feeding and nesting by some coprophilic invertebrates, and
assemblages are likely to be comprised of trophic groups along a spectrum of resource
specialisation, encompassing those that require dung as a feeding or nesting resource, to
those that use dung opportunistically to scavenge for partially-digested resources (e.g.
carcasses or seeds), or to hunt other invertebrates as hosts or prey (Nichols et al. 2009).
The majority would be capable of generalising the type of dung that they use, such that
species that use bilby dung (an omnivorous host) can feasibly switch to and survive on
kangaroo dung (an herbivorous host). A minority of species may be more specialised and
less flexible across dung hosts, particularly given that greater bilbies are the only
surviving species of the Thylacomyidae (Johnson 2006). The activity and diversity of
such invertebrate species or trophic groups may be greater in the few places where bilbies
survive as remnant populations, but would not be expected in places where bilbies
became locally extinct and were then reintroduced.
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We used activity and diversity to measure the composition of coprophilic invertebrate
assemblages attracted to bilby dung. Activity (count of visitors per hour) can be used as a
measure of resource attractiveness (Totland and Matthews 1998). Diversity (count of
species) is influenced by multiple factors, and can indicate the presence of resources that
are available to support different species (Huston 1979). We tested the following
hypotheses regarding the composition of coprophilic invertebrate communities on bilby
dung: 1. that the activity and diversity of coprophilic invertebrates on bilby dung would
be greater at the remnant location than at the reintroductions (Figure 1a), 2. that species
with a greater specialisation on bilby dung (for feeding and reproduction) would be more
active and diverse where bilbies were present (Figure 1b), and 3. that the remnant location
would host species that were exclusively active on bilby dung (Figure 1b). Our design
allowed us to ask: 1) do remnant populations support different or more specialised
assemblages of coprophilic invertebrates than reintroduced populations?; 2) are
assemblages influenced by the presence of bilbies?; 3) do any invertebrates show
specialisation on bilby dung ?
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Figure 1. (a) Hypothesised composition of invertebrate communities attracted to bilby versus kangaroo (control) dung
given the conservation status of bilbies as remnant or reintroduced populations. Two types of dung are offered as bait;
kangaroo or bilby dung. (a) The true slope (β) of the line describing the remnant coprophilic invertebrate community is
unknown (no historical data). However, β in the remnant community is expected to lower than the β of reintroduced
communities, indicating a greater activity and diversity of the invertebrate community on bilby dung. Some overlap in
composition is expected between both dung types, illustrated by the overlapping ellipses of the remnant and
reintroduced populations. (b) Invertebrate community composition is expected to differ in response to the presence of
bilbies as a remnant population or as a reintroduced species. Obligate dung specialists are species that absolutely
require dung for feeding and reproduction, and may be more active on the dung of specific mammal hosts. The activity
and diversity of obligate specialists on bilby dung should be higher where bilbies are present. Some obligate dung
specialists may also be exclusively active on bilby dung. These exclusive specialists will only be present where bilbies
are a remnant population. Dung generalists and opportunist species are not likely to differ in the presence or absence of
bilbies. Bilbies and other locally-extinct native mammal species have been reintroduced at Arid Recovery, Scotia
Sanctuary and Yookamurra Sanctuary. They persist as a remnant population at Sangster’s Bore.
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Methods
Study sites
We examined coprophilic invertebrates associated with bilby dung in four locations. While all
four locations were historically occupied by bilbies, remnant populations persisted only at one of
the locations (Figure 2a and 2b). Populations in the remaining three locations had been
reintroduced between 1996 and 2004. Our remnant bilby population was located at Sangster’s
Bore in northern Australia (23°52’29.00’’S, 130°19’59.99’’E; Table 1, Figure 2a). Sangster’s
Bore is open to introduced species including cats, foxes, rabbits (Oryctolagus cuniculus) and
camels, (Camelus dromedarius). It lies within the Northern Tanami Indigenous Protected Area
(approx. 4 million ha, Central Land Council 2015), under the ownership of the Warlpiri people.
We compared coprophiles at Sangster’s Bore against those at three fenced sanctuaries where
bilbies were reintroduced. These were Arid Recovery (30°33’55.38’’S, 136°55’3.85’’E)
administered by BHP Billiton, the South Australian Government and the University of Adelaide,
and also Scotia (33°8’9.00’’S, 141°11’33.00’’E) and Yookamurra sanctuaries (34°31’19.38’’S,
139°28’31.91’’E), managed by the Australian Wildlife Conservancy (Table 1, Figure 2a).
Reintroduced native mammal populations at Arid Recovery, Scotia and Yookamurra are protected
from predation by cats and foxes inside fenced enclosures (up to 8000 ha; Table 1). Other
introduced species, such as goats and rabbits, have been eradicated from these enclosures.
Introduced species densities are controlled outside fences through trapping, poison-baiting and
shooting regimes.
Factors that vary across locations include the densities of reintroduced and remnant bilby
populations, land use histories, local aridity indices (climate), and the time elapsed between the
local extinction and reintroduction of bilbies inside the reintroduction sanctuaries (Table 1). Arid
Recovery is the most arid of the sanctuaries and Yookamurra sanctuary is the least. Scotia
Sanctuary and Sangster’s Bore share similar aridity indices. However temperature and rainfall
patterns of Sangster’s Bore differ markedly from the sanctuaries (Appendix 1). The current
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densities of reintroduced native mammals and historic livestock at Arid Recovery, Scotia and
Yookamurra are determined by aridity and its control over productivity (Coggan et al. 2016).
Aridity therefore limits carrying capacities to a maximum of 0.1 livestock per hectare (Read 2002,
Squires and Bennett 2004, Westbrooke 2012). Sangster’s Bore has not been used for grazing since
European settlement, but supports introduced species including ungulates, rabbits, cats and
foxes(Central Land Council 2015).

Figure 2. (a) Study site locations and layout of paired surveys used in this study (inserts are not to scale).
Surveys were conducted in habitats where bilbies were present either in unfenced remnant or fenced
reintroduced populations and compared against control habitats (unoccupied habitat adjacent to remnant or
reintroduced populations). (b) Historic versus current distribution of the greater bilby (Macrotis lagotis) in
Australia. (c-d) Current distribution of eastern grey (Macropus giganteus) and red (M. rufus) kangaroos,
whose dung was used as a baseline bait for comparison against bilby dung as a relatively intact dung fauna
community.

Conservation history of focal species and relevance of dung types used
Bilbies
Bilbies are one of the few critical weight range mammals with remnant populations remaining on
mainland Australia (Figure 2b). Small populations have been reintroduced at Arid Recovery
(Moseby and O'Donnell 2003), Scotia (Finlayson et al. 2008), and Yookamurra sanctuaries
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(Hayward et al. 2014), and in other locations across their historic range (Friend et al. 2008).
Fewer than 10,000 greater bilbies were estimated to survive globally in 2008. Approximately
1000 individuals remain within the locality of Sangster’s Bore – their current population is
unpublished or unknown (Friend et al. 2008). At the time of the most recent IUCN species
assessment, bilby population trends were threatened and decreasing (Pavey 2006). Historic
records indicate that their range covered up to 70% of Australia’s mainland (Figure 2a). Although
it has not been investigated, bilbies may potentially be functionally extinct. For the past decade
the species has been restricted to the driest and least-fertile parts of their historic range (Pavey
2006). Their estimated population density in 1987 in suboptimal habitats was 1-2 individuals per
km2 (Southgate 1987), but their current densities (with ongoing population declines since 1987)
are unknown. It is highly likely that their decline has already impacted interacting species
assemblages (i.e. coprophilic invertebrates).
Kangaroos
We used kangaroo dung as a theoretical benchmark to indicate the structure of less-disrupted
coprophilic assemblages. Kangaroos occur Australia-wide, and have maintained stable
populations since European colonisation, and which fluctuate with water availability (rainfall and
artificial watering points). Therefore, associated coprophilic invertebrates may still represent their
pre-European assemblage. Eastern grey kangaroo dung (Figure 2c) was collected from around
Melbourne, Victoria, as a substitute for that of red kangaroos (M. rufus Desmarest, Figure 2d),
whose range overlaps with that of the greater bilby, but which could not be reliably collected
fresh from the sanctuaries. Red and eastern grey kangaroos are herbivorous, with an 81-87%
dietary overlap in arid habitats that favours grasses and dicotyledonous forbs (Dawson et al. 2004,
Lollback et al. 2015). Host diets are more important than species identity for coprophiles,
provided that potential substitutes are closely related taxonomically (Tiberg and Floate 2011). In
comparison, the bilbies’ diet is highly seasonal and opportunistic. They consume seeds, fruits, and
invertebrates, the majority of which are comprised of Coleoptera, Isoptera and Formicidae (Bice
and Moseby 2008, Navnith et al. 2009).
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Table 1. Study site attributes, including densities and diets of reintroduced mammals, reserve size, climate, vegetation and
soils.
AR (density)
SS (density)*
YS (density)
SB (count)
Diet
LEX, R (0.08.ha-1) LEX, R (0.51.ha-1) LEX, R (0.17.ha-1) P (< 1000
Greater bilby
O, I
present)
Kangaroo, H
1930’s
1899-1901
1880-1866
Continuous
Final record of
occupation
bilbies in
locality
Sanctuary
2000
2004
1996
n/a
Year of bilby
attributes a,b
reintroduction
6000 ha
8000 ha
1092 ha
~ 4 million ha
Area fenced
(open)
30°33’55.38’’S
33°8’9.00’’S
34°31’19.38’’S
23°53’29.00’’S
Latitude

Climate 20-yr
average b**

Vegetation
class, soils
and
productivity
b, c

Longitude

136°55’3.85’’E

141°11’33.00’’E

139°28’31.91’’E

130°19’59.99’’E

Aridity index

0.06

0.14

0.22

0.10

Annual rainfall
(mean)
Annual max.
temp. (mean)
Annual min.
temp. (mean)

149.9 mm

286.5 mm

304.8 mm

481.4 mm

28.9°C

25.8°C

22.5°C

35.3°C

26.3°C

22.3°C

21.0°C

32.0°C

Agroclimatic
designation

Desert

Semi-arid

Mediterranean

Desert

Native
vegetation
Main overstory

Acacia shrub land

Crotalaria eremea,
Mixed chenopods

GPP
EVI

0.0043 Kg.C m-2
0.1232 EVI

Mallee wood &
shrub lands
E. dumosa,
E.gracilis
Mixed chenopods
Dodonea sp.,
Eremophila spp.,
Senna spp.,
Westringia rigida.
0.0124 Kg.C m-2
0.2204 EVI

Hummock
grassland
E.brevifolia

Main
understory

Mallee wood &
shrub lands
Eucalyptus
dumosa, E. gracilis
Mixed chenopods,
T. scariosa,
Dodonea sp.,
Eremophila sp.,
Senna spp.
0.0072 Kg.C m-2
0.1773 EVI

Acacia ligulata

Triodia pungens,
T. schinzii

0.0048 Kg.C m-2
0.0966 EVI

Aridity Index: Arid: <0.05 x <0.20, Semi-arid: <0.20 x <0.5. EVI: Enhanced Vegetation Index, GPP: Gross Primary
Production, I: Insectivore, O: Omnivore, H: Herbivore LEX: Locally extinct, R: Reintroduced, P: Persisting population, SB:
Sangster’s Bore, AR: Arid Recovery, SS: Scotia Sanctuary, YS: Yookamurra Sanctuary Sources: a (Arid Recovery ,
Australian Wildlife Conservancy), b (Australian Bureau of Meteorology , Australian Virtual Herbarium 2015), c (Morton et
al. 2011) *4000 ha examined, “Stage 1” only; density data are for Stage 1. **Additional climate data: Appendix 1. Table
adapted from (Coggan et al. 2016).

Sampling design and hypotheses
The composition of coprophilic invertebrate communities could be affected by the local extinction of
their hosts, greater bilbies. We compared the activity and diversity of coprophilic invertebrate
assemblages associated with remnant bilby populations at Sangster’s Bore against those where bilbies
were reintroduced. We asked whether the local extinction of bilbies at the reintroduction sanctuaries
affected the activity or diversity of coprophilic invertebrate assemblages on bilby dung where bilbies
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were present. We compared these against assemblages at Sangster’s Bore (remnant population), on
kangaroo dung (continuous supply control), and in habitats either outside the reintroduction enclosure
or away from habitats bilbies occupied (bilbies absent control) (Figure 2a).
Reintroductions were replicated at Arid Recovery, Scotia and Yookamurra sanctuaries, but additional
remnant populations could not be accessed. We used a paired survey method to sample coprophiles
between the inside and outside of enclosures at the sanctuaries (Figure 2 insert), and applied the same
to habitats that were occupied, versus not occupied by bilbies at Sangster’s Bore (Figure 2 insert).
Fifteen paired surveys were performed at each location in the morning (0800 h – 1100 h) and evening
(1800h - 2000 h) over 8 days at each site. Survey times were designed to encompass the activity times
of kangaroos and bilbies, which are nocturnally-active in deserts (Dawson et al. 2004). Each
observation lasted for one hour. Surveys were approximately spaced at 0.8 m -1 m intervals following
the fence line enclosures at the reintroduction sanctuaries, and surveys within each pair (present vs.
absent) were separated by 600 m on either side of the enclosures. There were no fences enclosing
bilbies at Sangster’s Bore, thus present vs. absent surveys were separated by at least 600 m between
habitats (Figure 2 insert). Pairing was necessary to account for spatial autocorrelation of
environmental characteristics such as habitat cover, such that differences between habitats could be
better attributed to bilby presence where shared local variables would be controlled for by pairing
habitats for comparison (Hurlbert 1984).
Measuring activity and diversity
The purpose of our surveys was to record invertebrate visits to bilby and kangaroo dung baits, as a
measure of their activity and composition (number of different groups determined by taxon) when
bilbies were present as either reintroduced or remnant populations. We chose ten fresh-frozen,
defrosted dung pellets of uniform size and shape, but otherwise left these unmanipulated. We offered
baits over the course of one hour and counted individual invertebrates in 5-minute intervals as they
visited the dung. Visits were only tallied if the invertebrate made contact with the dung pellet for > 3
seconds. Ants that recruited nest-mates to baits were counted as a single organism (Hölldobler and
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Wilson 1990), rather than as separate individuals. We collected voucher specimens of visitor
morphospecies at every trial. We used these to identify invertebrates to family and to species where
possible. Flies were identified to species to determine their specificity on bilby versus kangaroo dung.
Morphospecies were assigned to taxonomically-defined trophic groups, such that the trophic
composition of the invertebrate assemblage could be described (e.g. predatory arthropods, scavenging
flies). Our primary resources for identification included ANIC (2012), Zborowski and Storey,(2003)
and Shattuck (2000).
Data analysis
We defined ‘activity’ as the count of visitors to either dung bait per one hour survey. Diversity was
defined as the number of invertebrate morphospecies assigned to a particular category (e.g. predatory
arthropods), that were attracted to either dung bait in each survey. Predictors in our models were:
location (remnant population versus reintroduced populations), mammal status (bilbies present versus
bilbies absent), and bait type (bilby versus kangaroo dung). We used three main analyses to describe
the communities we encountered at each location. We used ManyGLM (Wang et al. 2012) to test the
effects of the predictors and their interactions on invertebrate assemblage composition. We used
generalised linear models (GLM, using MASS package, Ripley et al. 2015) to test effects of the three
predictors and their interactions on activity and diversity, using the negative-binomial distribution as
zeroes were abundant and the data were over-dispersed (Rodriguez 2013). Tukey’s post-hoc tests
were used to disentangle effects where interactions were significant. We created a hybrid pie chart
and bubble plot to illustrate the composition of the whole assemblage, using square-root transformed
data to practicably fit the data on the page. Flies (Diptera) were the only dung-consuming and dungbreeding group we encountered in our surveys. For this reason, flies were identified to species to
determine specificity on bilby versus kangaroo dung. We used chi-square tests to determine if the
average activity of any fly species was greater than the whole-community average on bilby dung at
each location. We also used our pie chart and bubble plot to illustrate fly species assemblages across
locations.
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We used SMATR (Warton et al. 2015) to compare the slopes (β ) of lines indicating the relative
activity or diversity of invertebrates encountered on bilby versus kangaroo dung across locations. We
square-root and log-transformed our raw data to meet the assumptions for SMATR analyses (Falster
et al. 2006). We used SMATR to compare activity between remnant and reintroduced bilby
populations. We expected to find more visitors attracted to kangaroo dung at Arid Recovery, Scotia
and Yookamurra Sanctuaries (reintroduced populations), and more visitors attracted to bilby dung at
Sangster’s Bore (remnant population). The fitted lines in our analyses followed the form y=α+βx,
where kangaroo dung = y and bilby dung = x. The slope of the line, β, would be less than 1 if more
invertebrates were active on bilby dung at each location (Figure 1a).
Results
We observed 3,884 invertebrates from 26 families representing 68 morphospecies (Appendix 2).
Flies (Diptera) were the only group that were considered to have any measure of specialisation on
dung for feeding or reproduction. Non-dipteran fauna were opportunistic visitors scavenging items
such as partially-digested invertebrate carcasses from bilby dung, or used dung as a source of
moisture or to hunt invertebrate hosts and prey. We categorised the community into eight
taxonomically-defined trophic groups, under the broader categories of ‘predators and parasites’
(predatory arthropods, parasitic flies and parasitic wasps), or ‘consumers and scavengers’ (seed or
carcass-scavenging ants, muscid flies, scavenging flies, other scavengers). We encountered seventeen
fly species from seven families. Muscidae (Diptera) were the most active group, accounting for 53%
of all invertebrates, followed by carcass-scavenging ants (23%) and scavenging flies (9%). ‘Other
scavengers’ included non-dipteran invertebrates (4%). These species belonged to the Isoptera,
Blattodea and Plutellidae (Lepidoptera). Ant genera were described as seed scavengers (1%), carcass
scavengers, or as predators. The predatory ants group included genera that we observed
opportunistically attacking others. True predators (‘predatory arthropods’, 4%) included Staphylinidae
and Carabidae (Coleoptera), and spiders (Lycosidae and Salticidae). Parasitic flies (4%) and wasps
(2%) comprised the remaining invertebrates (Appendix 2).
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1. Were invertebrate activity and diversity higher on bilby dung when bilbies were present?
Invertebrate activity and diversity were not affected by bilby presence either as reintroduced species
or as a remnant population, nor were they greater on bilby dung at any location (Table 2).
Invertebrates were significantly more active at Sangster’s Bore and Scotia Sanctuary (Figure 3a).
Kangaroo dung attracted approximately 4.3 times as many visitors than bilby dung (Figure 3b).
Invertebrate diversity was also affected by location and dung type (Table 2), with significantly greater
diversity at Scotia and Yookamurra sanctuaries. The difference among sites was driven by greater
activity on kangaroo dung (Figure 3c), excluding only seed-scavenging ants and predatory arthropods,
which were more active on bilby dung (Table 3, Figure 4). Most Diptera (17 species) were
represented at Scotia and Yookamurra sanctuaries, with 11 encountered at Arid Recovery and 6
species encountered at Sangster’s Bore (Appendix 3). A three-way interaction indicated that the
diversity of groups active on bilby dung was significantly greater inside Yookamurra Sanctuary
(Table 2, Figure 3c). This difference was associated with greater activity of carcass-scavenging ants
visiting bilby dung when bilbies were present (Table 3, Figure 4).
2. Were activity and diversity greater on bilby dung at the remnant location?
There was no significant difference in the activity (Figure 5a) or diversity (Figure 5b) of invertebrates
on either dung type between the remnant and reintroduced bilby populations. The only difference was
at Yookamurra Sanctuary, where the slope values (β) for activity and diversity were significantly
lower than the other locations (Table 4). This indicated that the invertebrate fauna at Yookamurra
Sanctuary was more active and diverse on bilby dung, whereas those at the other locations were nearneutral (β = 1) to slightly more active on kangaroo dung (β > 1, Table 4). Examination of the dipteran
and non-dipteran elements of the invertebrate community indicated that the non-dipteran invertebrates
were using bilby dung at Yookamurra Sanctuary more than the Diptera, which were more active on
kangaroo dung (Figure 5, Table 4).
3. Was there evidence of specialisation or exclusive activity on bilby dung?
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We found no evidence of taxa that exclusively visited bilby dung consistently across all locations.
Chi-square tests of fly activity on bilby dung across sanctuaries showed no evidence of species whose
activity was consistently greater than expected across locations (Appendix 3). The assemblages were
therefore considered to be comprised of coprophilic generalists and opportunists. Some Diptera were
significantly more active than expected on bilby dung in some locations, but none maintained
consistent patterns of activity suggesting specialisation. These were: Hydrotaea australis (Muscidae),
Axinota (Curtonotidae), Xeneura (Heleomyzidae) and Euprosopia (Platystomatidae) at Arid
Recovery, and Carcelia (Tachinidae) at Yookamurra Sanctuary (Appendix 5). Musca vetustissima
and M. domestica (Muscidae) were the two most active species across all locations, M. domestica
tended to be more active when bilbies were present, while M. vetustissima was affected neither by the
presence of bilbies nor the dung type offered (Appendices 4 and 5).
Table 2. Negative binomial GLM testing the effects of location, mammal status and dung type and their
interactions on the visitor abundance, and richness of invertebrate groups attracted to kangaroo or bilby dung
baits.
Visitor activity
Invertebrate group diversity
Df Dev.
Resid. Df. Resid.
Pr (>Chi) Dev.
Resid.
Pr (>Chi)
Dev.
Dev.
3
19.92
236
442.29
0.0007
37.93
449.48
< 0.0001
Location (L)
1
0.18
235
442.11
0.69
0.06
449.42
0.82
Status (S)
1
159.18
234
282.94 < 0.0001
152.77
296.66
< 0.0001
Type (T)
3
4.79
231
278.15
0.23
7.40
289.21
0.07
L*S
3
4.80
228
273.35
0.25
6.78
282.45
0.10
L*T
1
0.22
227
273.13
0.66
1.03
281.43
0.33
S*T
3
7.08
224
266.05
0.11
10.72
270.71
0.02
L*S*T

133

General Discussion

Figure 3. Mean ± S.E. comparisons of the entire invertebrate community, illustrating (a) overall activity across
locations and (b) on kangaroo versus bilby dung, and (c) overall diversity of invertebrate groups attracted to
bilby or kangaroo dung baits across four locations in response to the presence of bilbies. Bilbies have been
reintroduced at AR: Arid Recovery, SS: Scotia Sanctuary, and YS: Yookamurra Sanctuary. Bilbies persist as a
remnant population at Sangster’s Bore (SB).

Table 3. Negative binomial ManyGLM testing the effects of location, dung type and bilby status on the activity
of invertebrate assemblages visiting kangaroo and bilby dung baits.
a) Multivariate response
Df Resid. Df.
236
Location (L) 3
1
235
Status (S)
1
234
Type (T)
L*S
L*T
S*T
L*S*T

3
3
1
3

231
228
227
224

Dev.
264.08
19.35
142.23

Pr (>Chi)
0.001
0.02
0.001

64.13
31.91
6.23
26.06

0.001
0.16
0.72
0.43

Affected groups
All
Parasitic flies, Scavenging flies
Parasitic flies, Parasitic wasps, Carcass-scavenging
ants, Muscid flies, Scavenging flies, Other scavengers
Carcass-scavenging ants, Scavenging flies
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Figure 4.Comparisons of the activity of taxonomically-defined trophic groups of invertebrates across four locations. Data
was measured as the count of visitors per group attracted to kangaroo or bilby dung. Circles compare the composition of
individuals and species groups observed on either dung type inside habitats where bilbies are present versus absent.
Circle sizes (diameter) correspond to the square-root transformation of the total count of visitors. Note: The maximum
diameters of circles are limited to values ≤ 10 mm for practicality. Bilbies and other regionally-extinct native mammal
species have been reintroduced at three of the four locations: (AR: Arid Recovery, SS: Scotia Sanctuary, YS:
Yookamurra Sanctuary), and persist as a remnant population at Sangster’s Bore (SB).
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Table 4.SMA analysis comparing the slope (β) of the relationship between visitors to kangaroo versus bilby
dung baits in four locations (one remnant bilby population versus three reintroduced populations where bilbies
were present). (a) Slopes for overall visitor activity and invertebrate group richness, b) slopes for the activity of
predator and parasite groups, and consumer and scavenger groups. SB: Sangster’s Bore, AR: Arid Recovery,
SS: Scotia Sanctuary, YS: Yookamurra Sanctuary. Activity was square-root and log10 transformed before
analysis.
Whole assemblage
Location

Elev. (θ)

Activity
(β)
R2

SB
AR
SS
YS

0.15
0.06
0.34
0.40

1.42
1.61
1.15
0.56

-0.003
0.13
-0.23
-0.74

Diptera only
SB
AR
SS
YS

0.22
0.03
0.40
0.09

1.47
1.64
1.44
1.50

0.008
0.06
0.17
0.03

0.15
0.12
0.23
0.36

1.02
1.06
0.92
0.56

0.01
0.06
-0.10
-0.60

d.f.
13
13
13

13
13
13

P

Elev. (θ)

Diversity
(β)
R2

d.f.

P

0.65
0.40
0.001

0.27
0.03
0.34
0.40

0.87
1.30
0.90
0.51

0.05
0.43
0.03
-0.52

13
13
13

0.11
0.91
0.04

0.36
0.13
0.91

0.11
0.01
0.17
0.08

0.77
1.11
1.06
1.35

0.01
0.40
0.33
0.51

13
13
13

0.15
0.23
0.05

0.84
0.74
0.02

0.12
0.11
0.45
0.21

1.01
0.89
0.88
0.57

-0.003
-0.13
-0.13
-0.60

13
13
13

0.63
0.64
0.02

Non-Diptera
SB
AR
SS
YS

13
13
13
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Figure 5 Comparisons of the (a) activity and (b) diversity of coprophilic invertebrate assemblages on bilby
versus kangaroo dung that were encountered at four locations where bilbies are present. Invertebrate
assemblages at the remnant bilby population are compared against those where bilbies have been reintroduced.
Lines express the relationship between visitors to each dung type on log-log transformed scales. Significant
differences in activity or diversity between the remnant versus the reintroduced bilby populations are provided.
Lines with a β-value <1 indicate greater activity or diversity on bilby dung, whereas β > 1 indicates greater
activity or diversity on kangaroo dung. The Diptera include species that use dung for feeding or reproduction.
The non-Diptera include groups that use dung opportunistically.
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Discussion
The trophic structure and activity of coprophilic invertebrate communities can be affected by dung
availability (Nichols et al. 2009). These communities include specialised coprophagous species that
must feed or nest using dung, as well as generalist and opportunistic visitors that are less reliant on
dung for survival, or which are predators and parasites of other invertebrates (Sánchez Piñero and
Avila 2004). The loss of host species providing dung may have a negative effect on coprophilic
invertebrates, by necessitating the use of alternate dung resources or resulting in the local absence of
less-flexible species (Carpaneto et al. 2005, Nichols et al. 2009, Tiberg and Floate 2011). Our aim was
to investigate whether the local extinction of bilbies affected the activity or diversity of coprophilic
invertebrates on bilby dung. We asked whether remnant bilby populations supported different or more
specialised assemblages than reintroduced populations, if the presence of bilbies as reintroduced
species influenced assemblages on bilby dung, and whether any species were exclusively active on
bilby dung at the remnant location (Figure 1). The coprophilic invertebrate community at Yookamurra
Sanctuary was the only assemblage to differ from the remnant bilby population at Sangster’s Bore,
where activity and diversity were greater on bilby dung, whereas invertebrates at the other locations
were the same between dung types. In general, the composition of coprophilic invertebrate
communities did not differ if bilbies were present, or a remnant population. In addition, the
composition of invertebrates attracted to bilby dung did not differ from those attracted to kangaroo
dung (even though the kangaroo dung community was more active). We found no indication of
specialisation on bilby dung among the Diptera, which are known to use dung for feeding and
reproduction (McAlpine 2007, Wu and Sun 2010). We found no general change in community
activity or diversity when bilbies were present as reintroduced species versus controls. Patterns
suggested that there was no measurable change in the coprophilic invertebrate assemblage a result of
bilby declines.
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How did assemblages compare between bilby remnant and reintroduced populations?
Coprophilic invertebrates were largely unaffected by the greater bilbies’ local extinction and
subsequent reintroduction. We expected the invertebrate assemblage at the remnant population to be
more active on bilby dung, supporting a higher diversity of species that would use bilby dung as a
feeding or nesting resource (Figure 1). The Diptera were the only group recorded that use dung for
feeding and reproduction. None of the 17 Diptera species that we identified were more active on bilby
dung than the average of the entire assemblage, and we did not detect any species that were
consistently exclusively active on bilby dung across sanctuaries. The non-dipteran fauna were
similarly indiscriminate between baits across sanctuaries, despite the activity of carcass-scavenging
ants at Yookamurra Sanctuary associated with greater activity on bilby dung. These results are loosely
comparable with observed patterns of coprophilic invertebrate communities associated with American
bison (Bison bison) decline in North America (Tiberg and Floate 2011). It reflected a broad flexibility
for that community which enabled survival on herbivore dung from closely-related genera, which was
also facilitated by the similarity between the host species’ diets. Note that in this example, both bison
and cattle are ecological equivalents, whereas kangaroos and bilbies are not. In addition, the local
extinction of bilbies contrasts against the bison scenario because no alternative native host species
with either the diet type (omnivory) or close taxonomic relatedness survive within the bilbies’ range
(Central Land Council 2015, Woinarski et al. 2015). This would require the current assemblage to be
broadly flexible across dung types as declines enforced use of alternate resources, which is suggested
by our observations. The activity of the invertebrate assemblages on both kangaroo and bilby dung
across sanctuaries suggests that the taxa we observed were capable of using dung resources from both
host types (omnivore and herbivore).
How did the presence of bilbies as reintroduced species influence assemblages?
Carcass-scavenging ants were the only group to have a significant response to bilby dung inside
sanctuaries, although this result was most prominent at Yookamurra sanctuary. Large numbers of
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carcass-scavenging ant genera attracted to bilby dung inside Yookamurra Sanctuary contributed to the
community’s overall activity on that resource. The prevalence of this group on may indicate a
response to additional resources present in bilby dung such as invertebrate carcasses, and is consistent
with the possibility that the communities we observed are largely unspecialised and opportunistic (e.g.
Tiberg and Floate 2011, Kearns and Stevenson 2012). These attributes would contribute to their
continued use of bilby dung as a resource despite the regional extinction of greater bilbies. Other
reintroduced omnivorous or insectivorous native mammal fauna including numbats (Myrmecobius
fasciatus, Dasyuromorphia: Myrmecobiidae, Scotia and Yookamurra sanctuaries), western barred
bandicoots (Perameles bougainville, Peramelemorphia: Peramelidae, Arid Recovery) and burrowing
bettongs (Bettongia lesueur, Diprotodontia: Potoroidae, all sanctuaries) have been reintroduced to the
sanctuaries, but do not occur at Sangster’s Bore. These additional sources of invertebrate carcasses
could also contribute to the activity of carcass-scavenging genera in reintroduction sanctuaries as an
impact of native mammal reintroductions.
Effects associated with the local extinction of bilbies are confounded with those resulting from the
addition of new dung resources following reintroduction. Species densities play an important role in
ecosystem processes and interactions (McConkey and Drake 2006, McConkey and O’Farrill 2015).
Fewer than 1000 bilbies were estimated to remain at Sangster’s Bore by 2008 (Friend et al. 2008) and
the most recent reports give sampling densities of between 194-345 individuals within the locality
(Central Land Council 2015). Oral histories also indicate the local extinction of the golden bandicoot
(Isoodon auratus, Peramelidae), another omnivore, from the Tanami region around the 1950’s
(Central Land Council 2015). The composition of coprophilic invertebrate communities prior to bilby
declines was not known, and it was not possible to replicate remnant bilby populations. Hence it is
unclear if we are observing an invertebrate community where generalist species are persistent and
specialists have already declined to undetectable levels (Pauly 1995, Tiberg and Floate 2011, Moir et
al. 2012, Nogués-Bravo et al. 2016). It is possible that the observed coprophilic invertebrate
communities might be a subset of the original fauna, which may have included more specialised
species. It is thus possible that we are underestimating the pre-decline activity and richness of
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coprophilic invertebrates based upon a depauperate modern baseline (e.g. Australian oyster fisheries,
Alleway and Connell 2015).
Conclusion
Species reintroductions support conservation, and ideally the reinstatement of ecological processes
that could be impacted by declines. The current coprophilic communities we encountered were active
on the dung of regionally extinct and persistent marsupials in most locations and exhibited no signs of
dung exclusivity. The greater activity of some groups (carcass scavengers in particular) on bilby dung
suggests a positive response to the addition of resources produced by insectivorous and omnivorous
hosts. Although bilby reintroductions had no significant effect on composition at the family level, we
suggest that it is possible that the modern coprophilic assemblage is depauperate, i.e., specialised
species may have already been lost (Pauly 1995, McAlpine 2007, Alleway and Connell 2015). With
no data on invertebrate coprophilic assemblages prior to the decline of bilbies, there is no definitive
method to prove this hypothesis (Tiberg and Floate 2011). Our attempt to use kangaroo dung to
indicate a baseline for an intact community could be developed to include a greater variety of related,
common species with similar diets, spanning a range of habitat types. This would at least provide us
with a measure of the average composition of dung fauna communities with common hosts that we
can use to estimate the progress of restoration in other sites. It remains extremely important to
consider how even temporary absences, such as those suffered through regional extinction, can have
cascading influences on community structure, and the potential consequences of this for future
restoration and preservation of ecological processes.
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Appendix 1. Twenty-year average monthly (a) rainfall and (b) temperature at the four locations used to survey
coprophilic invertebrate assemblages. Bilbies occur as reintroduced populations at Arid Recovery, Scotia and
Yookamurra sanctuaries, and as a remnant population at Sangster’s Bore.
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Appendix 2. Invertebrate group assignations
Broad
Trophic group
Taxon
function
Predators
Predators
Araneae
Coleoptera
Diptera
Hemiptera
Neuroptera

Parasites

Flies
Wasps

Diptera
Hymenoptera

Consumers

Muscid flies

Diptera

Scavengers

Carcass-scavenging
ants

Hymenoptera:
Formicinae

Seed-scavenging
ants

Hymenoptera:
Formicinae

Flies

Diptera

Other

Blattodea
Isopoda
Isoptera
Lepidoptera

Family/genus

No. of
morphospecies

Total
individuals

Lycosidae
Salticidae
Carabidae
Staphylinidae
Asilidae
Reduviidae
Ithonidae
Coniopterygidae
Mantispidae
Tachinidae
Bethylidae
Eucharitidae
Scelionidae
Muscidae

1
1
1
4
1
1
1
1
1
5
1
1
2
5

4
12
16
76
7
5
6
9
5
159
59
8
28
2055

Calomyrmex
Camponotus
Crematogaster
Doleromyrma
Dolichoderus
Iridomyrmex
Melophorus
Opisthopsis
Papyrius
Tapinoma
Turneria
Meranoplus
Monomorium
Polyrhachis
Rhytidoponera
Calliphoridae
Curtonotidae
Heleomyzidae
Phoridae
Platystomatidae
Blattelidae
Oniscidea
Rhinotermitidae

1
9
1
1
2
2
3
1
1
1
1
1
1
1
2
1
1
2
1
2
2
2
1

24
254
10
36
119
193
88
29
8
34
98
5
3
8
18
22
24
69
79
166
41
14
9

Epiproidae
Plutellidae

2
1

35
57
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Appendix 3. Chi square tests of fly species activity on bilby and kangaroo baits inside sanctuaries. Instances with greater
than expected activity on bilby dung are highlighted. SB: Sangster’s Bore, AR: Arid Recovery, SS: Scotia Sanctuary, YS:
Yookamurra Sanctuary, B: Bilby, K: Kangaroo.
SB

Observed

Family
Muscidae

Calliphoridae
Curtonotidae
Heleomyzidae
Phoridae
Platystomatidae

Tachinidae

Genus
Dichaetomyia
Hydrotaea australis
Musca domestica
Musca vetustissima
Prohardyia

K

B

33%
16%
15%
50%

67%
84%
85%
50%

100%***

Lucilia curvipes
Axinota
Pseudoleria
Xeneura
Metopina
Euprosopia
Lamprogaster

AR

B

100%
24%

Whole community expected average

21%

79%

YS

22%

78%
100%

75%***
33%
60%**

25%
67%
40%

11%
50%
23%
6%

89%
50%
77%
94%

42%
20%
33%

100%
58%
80%
67%

67%
80%
98%

9%
30%
50%

91%
70%
50%

(100%***)
33%
50%
12%

67%
50%
88%

12%

88%

100%***
13%

100%
87%

33%
20%
2%

29%

71%

11%

K
60%
87%
97%
88%
87%

24%

76%
100%

7%
40%
12%

89%
100%
93%
60%
88%

17%

83%

11%

89%

B

total

B
40%
13%
3%
12%
13%

76%

Blondelia
Carcelia
Graphogaster
Rhondania
Rutilia

SS
K

50%
8%

K
100%
100%
50%
92%
100%

100%

7
62
557
1295
134
(2055)
22
24
32
37
79
18
148
(360)
25
10
88
10
26
(159)
3792
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Appendix 4. Negative binomial ManyGLM testing the effects of location, dung type and bilby status on the activity of flies
(Diptera) visiting kangaroo and bilby dung baits.
a) Multivariate response
Df Resid.
Deviance Pr (>Chi)
Affected species
Df.
3
236
239.49
0.001 Axinota, Euprosopia, Graphogaster, Hydrotaea australis,
Location
Lamprogaster, Lucilia curvipes, Metopina, Musca vetustissima,
(L)
Musca domestica, Rutilia
235
32.62
0.03
Lamprogaster, Musca domestica, Prohardyia
Status (S) 1
1
234
117.78
0.001 Graphogaster, Lamprogaster, Lucilia curvipes, Metopina, Musca
Type (T)
domestica, Musca vetustissima, Prohardyia, Rutilia
3
231
115.36
0.001 Carcelia, Euprosopia, Lamprogaster, Metopina, Musca
L*S
vetustissima
3
228
50.56
0.12
L*T
1
227
24.91
0.19
Musca domestica
S*T
3
224
30.85
0.01
Metopina
L*S*T
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General discussion and synthesis
Biodiversity loss remains a critical threat to the functional resilience of ecosystem processes globally
(Säterberg et al. 2013). Significant impacts have been observed, for example, with the decline of
mammal species upon seed dispersal (McConkey and Drake 2006, McConkey and O’Farrill 2015)
and shifted baselines of productivity and diversity driven by the impact of fisheries on marine
ecosystems (Pandolfi et al. 2003, Jackson 2008, Alleway and Connell 2015). Invertebrate species are
a significant component of global biodiversity and ecosystem function. They are disproportionately
responsible for vital ecosystem functions, such as decomposition (e.g. Buxton 1981, Lavelle et al.
2006), seed dispersal (e.g. Folgarait 1998, Warren and Giladi 2014), and pollination (e.g. Potts et al.
2010, Rader et al. 2016). Nevertheless, our understanding of the impacts of modern extinctions and
declines are heavily biased towards a small group of terrestrial vertebrates (Seddon et al. 2005,
Cardoso et al. 2011, Régnier et al. 2015, Collen et al. 2012),. This is despite the importance of
invertebrate diversity in maintaining resilience against global environmental change (e.g. Brittain et
al. 2013). The aim of this thesis was to contribute information towards the invertebrate-research
knowledge gap, by examining the effects of native mammal reintroductions upon the functioning and
composition of two invertebrate decomposer communities in Australia’s arid habitats. These were
termites and coprophilic invertebrates. We also considered the influence of increasingly arid climates
upon the effect magnitude of reintroduced mammal impacts upon these communities. This was
because covariate factors such as rainfall or land-use can be key predictors of the magnitude and type
of responses observed in species interactions (e.g. Young et al. 2015) and could contribute to the
patterns of invertebrate responses across locations. We will begin by discussing how the return of
digging mammals affected termite function as decomposers, and how aridity modified the mammals’
impact on insect communities. Then we will consider how the impacts of bilby declines on
coprophilic invertebrate communities might be interpreted in terms of observing a depauperate
modern baseline of the community before bilby declines occurred, or whether the composition of
trophic functional
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groups was normal for bilby dung. We will illustrate the relationship of these results to existing
research after each section, specifically addressing how our results add to our understanding of the
impacts of species declines on invertebrate functioning.

Termite responses to reintroduced digging mammals and the
influence of aridity

Termites play key roles in ecosystem engineering and decomposition (Buxton 1981, Freymann et al.
2008, Jouquet et al. 2011), and their community composition is known to respond to environmental
changes such as increasing disturbance gradients (Vaessen et al. 2011, Dosso et al. 2013). The
functional extinction of digging mammals across Australia is thought to have had major impacts on
vertebrate bioturbation (Fleming et al. 2014). The key influences of burrowing ecosystem engineers
include intensification of soil disturbances inside sanctuaries and the creation of foraging pits and
burrow complexes (James and Eldridge 2007, Eldridge and James 2009, James et al. 2011). These
mammal species are also important predators of invertebrates (Cooper and Withers 2004, Bice and
Moseby 2008), and are likely to impact on termite communities through ecosystem engineering and
trophic pathways (Gibb 2012).
Reintroduced mammal assemblages had significant impacts on the abundance, biomass and
composition of termite communities, and negatively affected the termite’s function as decomposers.
The key effects of digging mammal reintroductions were the 25 % decrease in resource consumption,
and the 50 % increase in resource abandonment by termites when buried resources were
experimentally manipulated in Chapter 1. These changes in termite activity and ecosystem function as
detritivores were associated with a 42 % net decrease in termite abundance in Chapter 2, which
negatively affected soil-nesting wood-feeders when reintroduced mammal assemblages were present.
The overall effect of reintroduced mammal assemblages on termite communities was to decrease their
ability to consume buried resources (Figure 6). This was a clear direct result of resource manipulation
inside the sanctuaries, which caused an increase in resource abandonment by termites when resources
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were disturbed. Travers and Eldridge (2016) have also reported negligible decomposition by termites
of litterbag resources placed at ground-level at Scotia Sanctuary, although the effect of reintroduced
mammal presence was not a factor in this study. We found that more resource consumption occurred
when our baits were buried beyond the average reach of most bilby and bettong foraging pits (10-20
cm, Travers 2013). It is possible that termites are more active at greater depths inside sanctuaries,
where the majority of soil disturbances can be avoided.

Figure 6. Effects of reintroduced native mammal assemblages and aridity on termite-driven decomposition.
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Additional influences included the net reduction in termite biomass and abundance inside sanctuaries,
which was also associated strong negative impacts on species that nest below ground and tunnel
through soil to feed on wood (Eggleton and Tayasu 2001, P. Eggleton, pers.comm.), and an increase
in ant attendance following resource disturbance. Termite abundance and biomass were always
highest in dead wood, which was one of the rarest resources available. Overall we observed a
negative net impact of reintroduced mammals on termite abundance and biomass. It is likely that
fewer termites inside sanctuaries contribute to reduced resource consumption. Likewise, greater risks
of predation by mammals and other invertebrates, such as Iridomyrmex ants which were attracted to
disturbed resources, probably contributed to the greater exodus of termites inside sanctuaries.
We observed differences in vegetation cover that appeared to be affected by reintroduced mammal
assemblages as well as by aridity, and this influenced the effect magnitude of mammal reintroductions
as aridity increased and resources became scarce. Ultimately aridity moderated the effect magnitude
of mammal impacts upon termites, probably by controlling available vegetation cover. Mammal
reintroductions were associated with more bare ground cover and less vegetation, in line with patterns
reported by Verdon et al. (2016). Comparing the availability of these resources across locations
revealed that differences between control and reintroduction habitats were more pronounced with
greater aridity (Figure 6). Other factors that varied across locations included historic livestock and
current reintroduced mammal densities. The presence of these animals as herbivores and engineers
may have influenced the availability of vegetation cover that we observed (Eldridge et al. 2011,
Verdon et al. 2016). Aridity was a determinant of the historic and current animal densities across the
sanctuaries, because it had a major influence over plant productivity at each location (Squires and
Bennett 2004). Therefore, although both factors could have contributed to habitat availability, aridity
was the better predictor of effect magnitude (Hadley and Szarek 1981, Coggan et al. 2016). Resource
availability and the threat of predation are two major pressures that dictate animal behaviour (Brown
et al. 1999, Lenz et al. 2009, Laundré et al. 2010). The perceived threat of predation can significantly
limit animal activity, but the immediacy of this threat can lose importance if the threat of starvation
from a lack of resources becomes greater (Lima and Dill 1990, Cartar 1991, Laundré et al. 2010). The
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impacts of reintroduced mammal assemblages on termite function were significantly stronger when
aridity was lowest and thus more vegetation and resources were available for use by termites. The
opposite pattern was observed when aridity was highest and resources were less available. Termites in
more arid habitats may have been making a trade-off in favour of scarce resources, which meant that
the perceived threat of predation by reintroduced mammal assemblages and other organisms was less
important than finding alternative resources after disturbance (Figure 6).

Implications of reduced decomposition and changed termite
communities, with further research questions
The return of ecosystem engineers is anticipated to benefit conservation through the return of
bioturbation by native vertebrates to sanctuaries, with the ultimate goal of restoring threatened
populations to the mainland (Manning et al. 2015). In the absence of complete mammal assemblages
in their pre-decline state for comparison, it is impossible to know how much the reductions in termite
abundance and decomposition are due to having a fenced mammal population (Pauly 1995, Gibb
2012, Nogués-Bravo et al. 2016, Dickman 2012). In this case, densities may be exacerbated by
confinement, which could have negative outcomes for biodiversity values such as habitat cover
(Verdon et al. 2016). Nevertheless, native mammal assemblages are unlikely to survive outside of
sanctuaries due to predation by introduced species (Hayward et al. 2014, Bannister et al. 2016,
Hardman et al. 2016, Hayward et al. 2012), and it is useful to know how their presence affects the
ecology of their enclosures. The most relevant message to take from our results is that lower resource
consumption could have long term effects on the carrying capacity of different sanctuaries, with the
magnitude of impacts on termites being greater in less-arid habitats (Figure 7). Differences in soil
nutrient properties inside sanctuaries have been examined by contrasting between foraging pits and
mound spoil against undisturbed ground (James et al. 2009), but these comparisons have not yet been
made across multiple sanctuaries, where potential differences between soil properties inside versus
outside sanctuaries could be partially attributed to invertebrate activity. Our ad-hoc observations of
ant attendance at disturbed resources may be another interesting route of investigation using
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experiments across sanctuaries, potentially indicating a change in ant assemblages, or attraction of
particularly aggressive species to disturbance created by digging mammal reintroductions (see
Hoffmann and Andersen 2003). No other study has truly replicated mammal reintroductions using
multiple sanctuaries before now, limiting the generalisability of previous research (Gibb 2012).
Preliminary data from exclusion experiments at Scotia Sanctuary suggest that there are no short-term
effects of reintroduced mammal assemblages on soil nutrients or ant communities (H. Gibb pers.
comm. 2016 and B. Grossman pers. comm. 2016, O. Decker, pers. comm. 2016). This does not rule
out the potential for a slow-acting impact that may require longer-term monitoring to detect.
Additionally, responses of ants and termites in our study at Scotia Sanctuary were moderate in
comparison to the other locations. It would be valuable to compare these variables at sanctuaries with
higher and lower aridity, considering its moderating influence over mammal impacts.
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Figure 7. Questions for further research based on termite responses to reintroduced mammal assemblages.
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Coprophilic invertebrate responses to the functional extinction of
greater bilbies
Animal diets and taxonomic relatedness of hosts play important roles in dung selection by coprophilic
insects (Tiberg and Floate 2011, Roslin and Viljanen 2011). Greater bilby declines present an
interesting case study to observe the trophic composition of coprophilic invertebrate communities,
because there are no ecologically equivalent species to have avoided similar losses (IUCN 2015,
Warburton and Travouillon 2016). Greater bilbies are also the only surviving member of the family
Thylacomyidae (i.e. Central Land Council 2015, Lindenmayer 2015, Woinarski et al. 2015). Bilbies
are omnivores that consume invertebrates (Gibson 2001, Southgate and Carthew 2006, Bice and
Moseby 2008, Navnith et al. 2009). Their dung includes partially-digested invertebrate carcasses
(Silvey et al. 2015), that are an attractive resource for carcass scavengers. Local extinctions of greater
bilbies would put pressure on coprophilic species that rely on them for survival, and generally rules
out the opportunity for invertebrates to use dung from close-taxonomic relations as an alternative
resource (Verdú and Galante 2004, Nichols et al. 2009). The alternative, non-threatened native host
species in arid and semi-arid habitats are kangaroos (Macropodidae) and non-native herbivores,
whose dung is less nutrient-rich than that of omnivores (Hanski and Cambefort 1991). Kangaroo dung
attracts detritivores such as termites and dung beetles, although these are better-studied in tropical and
temperate systems (Freymann et al. 2008). Coprophilic invertebrates associated with bilby dung could
feasibly survive on kangaroo dung as an alternative resource. We expected to find groups that were
active on both bilby and kangaroo dung, suggesting the existence of taxa that were able to switch
between resources as bilbies declined. We also expected to find groups whose activity was either
exclusive to, or greater on bilby dung with the remnant bilby population at Sangster’s Bore.
We found little evidence to support our hypothesis that the remnant habitat harboured distinct
assemblages of coprophilic invertebrates from the reintroductions, suggesting no loss of trophic
groups in association with bilby declines. Coprophilic invertebrates were unaffected by bilby
reintroductions, and their activity on bilby and kangaroo dung was similar in terms of the trophic
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groups attending, despite differences in taxonomic relatedness and the diet type of kangaroos versus
bilbies. Trophic groups with the greatest activity at all locations included flies and ants. These groups
are either not dependent upon dung as a resource for survival, for example, carcasses and live prey
could be found by scavenging ants in other resources, or are known to use alternative dung types (e.g.
Hughes et al. 1972). This implies that the decline of bilbies was not an important factor in defining
their community composition, as they would easily survive on alternate resources such as kangaroo
dung. Kangaroo populations fluctuate with rainfall-driven food availability (Caughley and Gunn
1993) but have been a constant source of dung in comparison to greater bilbies (Burbidge and
McKenzie 1989, Short and Turner 1993, Abbot 2002). The lack of interactions with bilby dung
suggests communities associated with bilbies have changed similarly to those that use dung from
kangaroos, with both species being adequate hosts for the coprophilic invertebrate community.
Resource generality appears to be a common characteristic of coprophilic invertebrate communities,
and those associated with bilbies appear to be of no exception. Insects associated with functionally
extinct American bison (Bison bison, Linnaeus) in north America are similarly generalised between
the dung of their native host and domestic cattle (Bos taurus, L.), which were imported during
European settlement (Tiberg and Floate 2011). This level of resource flexibility across coprophilic
invertebrate communities may be a necessity for species that live in habitats where boom and bust
cycles dictate resource availability (but see Kwok et al. 2016 regarding the importance of rainfall in
some cases). The absence of groups that were only active on bilby dung may be good news for
conservation as it suggests minimal impacts on functioning in dung decomposer communities
associated with bilby declines.

How can we separate the effects of decline from the effects of
reintroduction?
Effects associated with the local extinction of bilbies are confounded with those resulting from the
addition of new dung resources following reintroduction. Fewer than 1000 bilbies were estimated to
remain at Sangster’s Bore by 2008 (Friend et al. 2008), and this remnant population has continued to
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decline (Central Land Council 2015). It is wise to consider that the current coprophilic invertebrate
communities may be a relict of a larger group of fauna, and we are underestimating the pre-decline
abundance and diversity of coprophilic invertebrates based upon a depauperate modern baseline (c.f.
Australian oyster fisheries, Alleway and Connell 2015). A finer-scale resolution of the invertebrate
community which identifies members to the species-level would be necessary to determine true
resource-specificity to bilby dung or to omnivorous marsupial hosts (Tiberg and Floate 2011, Kearns
and Stevenson 2012). We attempted to examine this by identifying dipteran visitors to our dung baits
to species, to see whether any were exclusive visitors to bilby dung. Specialisation of the fly genus
Boboroides (Diptera: Heteromyzidae) to marsupial herbivores (wombats, Diprotodontia: Vombatidae,
Burnett) has been observed (McAlpine 2007), as well as native dung beetle species (Onthophagus,
Coleptera: Scarabaeidae), with morphological adaptations used to attach to the fur of native
marsupials (Matthews 1976, Vernes et al. 2005). Neither of these was encountered during our
surveys, nor did we find any evidence of specialisation on bilby dung by any of the 17 fly genera we
identified. It will not be possible to assess the pre-decline composition of coprophilic invertebrate
communities with no available data on these assemblages prior to bilby declines (e.g. Nogués-Bravo
et al. 2016).

Conclusions
The impacts of mammal declines on invertebrates have been neglected in the rush to curb the loss of
mammal fauna and other terrestrial vertebrates in particular (Clark and May 2002, Seddon et al. 2005,
Cardoso et al. 2011, Collen et al. 2012). This does not change the fact that invertebrates are a vital
link in ecosystem processes. They are just as sensitive to pressures such as global climate change,
habitat loss and invasive species that threaten mammals, but their responses can take longer to
manifest, be more difficult to detect, or are simply less attractive to researchers and funding bodies
(Säterberg et al. 2013, Säterberg 2016). Our study is the first to examine the impacts of native
mammal decline and reintroduction on the ecosystem function of invertebrate communities, and to
consider the implications for ecological processes. Others have found significant changes to the
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structure of arachnid (Silvey et al. 2015), dung microbial (Clarke et al. 2015), and plant communities
(Verdon et al. 2016), through combinations of trophic cascades and soil disturbance when digging
mammals are reintroduced following local extinctions.
We found that termites were strongly affected by the presence of digging mammals and their capacity
to increase resource disturbance inside sanctuaries. Their responses have important consequences for
the coarse breakdown of plant material, with a potential for long-term impacts on the carrying
capacity of sanctuaries by affecting nutrient flows back into the soil (Holt and Coventry 1990,
Crawford 1991, MacKay 1991). Differences in the responses of termites to soil disturbances across
locations highlighted the importance of extending our assessment of impacts beyond single-sanctuary
analyses, and it will be useful to investigate how strongly aridity and other ecological gradients may
impact functioning in other invertebrate taxa, such as ants, which also function as burrowing
ecosystem engineers.
In comparison, the local extinction of greater bilbies and their decline to the point of functional
extinction had no detectable impact on coprophilic invertebrate communities and presumably no
impact on dung decomposition by invertebrates. At this stage, we have determined that there is no
effect upon the community composition of coprophilic invertebrates at the coarse taxonomic scale,
nor any strong influence on Diptera, which can require dung to complete their life cycles. Further
investigation of dung specificity at the species level is needed in order to properly test the hypothesis
that the observed communities at all locations are broadly generalist species, and possess the dietary
flexibility needed to survive on the dung of other alterative and more abundant species (e.g. Carpaneto
et al. 2005, Nichols et al. 2009, Tiberg and Floate 2011), or on completely different resources such as
carrion (e.g. Klein 1989, Gibbs and Stanton 2001, Benbow et al. 2015).
Conservation anticipates clear-cut results regarding the impacts of a reintroduced species or species
assemblage on other communities. There is also a strong temptation to examine impacts that will
potentially illustrate the positive outcomes of reintroduction, such as the influences of engineer
species on soil properties and plant growth (see synthesis chapter), as we tend to believe that the
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outcomes of conservation can only be ‘good’(Bridgewater et al. 2011). It has been asked whether
termites or coprophilic invertebrates (namely dung beetles – although we found none) ought to be
translocated along with native mammal hosts (e.g. Armstrong and Seddon 2008, Armstrong et al.
2015). In short, no. Termite abundances and the hypothesised effects on decomposition would be
better approached by considering appropriate reintroduced mammal densities. Increasing the
population of endangered native species can take priority to the detriment of productivity– the
consequences of which we have witnessed with historic responses of increasing livestock densities
during drought (McKeon 2004). Meanwhile, translocation of coprophilic invertebrates would only be
necessary had we identified species that were obligate users of bilby dung only, particularly at the
bilby population remnant. While we found no evidence that greater bilby declines affected coprophilic
invertebrate communities, it would be beneficial to test for the potential effects of co-extinction of
invertebrates with other native mammal species, for example, in wetter or less-arid regions where
obligate species (such as dung beetles) are more likely to occur. The knowledge that we have gained
from conservation sanctuaries provides a snapshot of Australia’s pre-European ecosystems that we
lack from historical data. The response of some invertebrate communities to mammal reintroduction,
such as that of termites, may influence the long-term sustainability of conservation reserves, where
changes in activity, behaviour or resource consumption occur in response to the presence of
reintroduced species.
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