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Summary
This thesis examined the influence of fire regimes upon reptile species richness,
diversity and assemblage composition in the fire-prone mallee habitats of south-eastern
Australia.
Selecting the most favourable seasonal and weather conditions helps ensure that
surveys maximise the likelihood of capturing a representative sample of the reptile
community, whilst minimising the effort required. As such, my thesis begins with a chapter
that explores the role of seasonality, weather conditions and moon phase on reptile capture
success.
My thesis then explores whether fire is a major driver of reptile richness and
assemblage composition in the mallee. Total reptile species richness was not influenced by
time-since-fire across a century-long chronosequence. In contrast, community analyses
revealed evidence consistent with the habitat accommodation model; with soil-dwellers
predominating in the early seral stages (0-11 years since fire), the abundance of Triodiadwellers reaching a peak at 19-50 years since fire and the abundance of litter-dwellers
reaching a plateau in the later seral stages (19-50 and >50 years since fire). The findings of
this chapter highlight the importance of considering several measures of reptile community
change (i.e. total richness, subgroup richness and composition) with time-since-fire over an
appropriately long temporal scale.
The following chapter then assesses the adequacy of using expert opinion to identify
fire-sensitive habitat elements required by mallee reptiles. The use of an expert opinion
framework to classify reptiles into key functional groupings, based on their shelter
preferences, proved to be a fruitful means of predicting the richness of those functional
groups at a site, based upon the abundance of key habitat attributes at a site.
Finally and most importantly, my study could find no evidence to support the
“pyrodiversity begets biodiversity” fire management paradigm – I could detect no effect of
fire-induced habitat heterogeneity on species richness, diversity or community composition
at the scale at which the study was conducted. Instead, biogeography and its associated
temperature gradient had the greatest influence over the species richness, diversity and
community composition of mallee reptiles.

xvi

Statement of Authorship
Except where reference is made in the text of the thesis, this thesis contains no material
published elsewhere or extracted in whole or in part from a thesis or any other degree or
diploma.

No other person’s work has been used without due acknowledgement in the main text of the
thesis.

This thesis has not been submitted for the award of any degree or diploma in any other
tertiary institution.

The relevant safety/ethics committees approved all research procedures reported in this
thesis.

Lisa M. Spence-Bailey
19th October 2010

xvii

Declaration of contribution to each chapter
This thesis is the result of my project as a part of the Mallee Fire and Biodiversity
Project. Six other PhD projects were a part of this larger project.
Michael Clarke (my principal supervisor and head of project, La Trobe University)
and Andrew Bennett (head of project, Deakin University) are co-authors on all manuscripts
as they both provided the intellectual foundations for this project.
Fire history mapping, site selection and habitat assessments (detailed in Chapter 2)
were designed and carried out by all project members (myself, Sarah Avitabile, Sally Kenny,
Luke Kelly, Dale Nimmo, Richard Taylor and Simon Watson) equally. As such, Chapter 2
(General Methods) is co-authored by all project members.
The design of the reptile component of the overall project was determined through
collaboration with other project members (Dale Nimmo and Luke Kelly). Reptile collection
and identification in the field was carried out by me and three other project members (Dale
Nimmo, Luke Kelly and Lauren Brown). Due to their significant contribution to data
collection and their conceptual and methodological input, Dale Nimmo and Luke Kelly are
co-authors on all four papers (Chapters 3-6) presented in this thesis. Unless otherwise
indicated, all the analysis of reptile results, ideas and writing presented in this thesis are my
own work.

Lisa Spence-Bailey
19th October 2010

xviii

Acknowledgements
There are many people I want to thank for their support, encouragement and advice
throughout my work on this thesis.
First, many, many thanks must go to my supervisors, Assoc. Prof Michael Clarke and
Dr. Brian Malone and my Deakin ‘supervisor’, Dr. Andrew Bennett. Their professional and
personal advice throughout my candidature has been fantastic. Their advice has always been
sound and their guidance and support was much appreciated. In particular, I’d like to thank
Mike and Andrew for providing the intellectual foundations for such a novel project, for
organising funding and permits for the project and for allowing me to participate in it.
Financial assistance for my PhD was provided by a government funded Australian
Postgraduate Award (APA). Funding and logistical support for the Mallee Fire and
Biodiversity Project was provided by Land and Water Australia, the Mallee Catchment
Management Authority, Parks Victoria, Department Sustainability and Environment
Victoria, Department Environment and Heritage SA, Lower Murray-Darling Catchment
Management Authority, Department Environment and Climate Change NSW, Australian
Wildlife Conservancy and Birds Australia.
To all the members of the Mallee Fire and Biodiversity Project (from both La Trobe
and Deakin Universities), thank you for sharing your energy, innovative ideas, your
company for some unforgettable times in the field and of course for your constant
encouragement to keep going when things weren’t so easy. It has been a privilege being part
of such a great team! In particular I’d like to thank Sarah Avitabile, Sally Kenny and Rick
Taylor for some rather essential coffee/lunch catch-ups and ‘debriefs’ at La Trobe and to
Angie Haslem and Kate Callister for happily and helpfully answering my constant barrage of
questions regarding statistics and other writing issues. Last but not least, to my fellow pitfall
team members, Dale Nimmo, Luke Kelly and Lauren Brown- field work was such a blast
with you guys, despite the often trying conditions. We achieved so much and had such a
great time doing it! Those themed parties will never be forgotten!
Many volunteers from various agencies and universities also helped in the field- far
too many to be named individually. Their assistance was vital to the successful collection of
data for the project and I thank them for their enthusiasm and hard work.

xix

Finally, to my awesome family and partner Daniel for everything. Your constant
belief in me along the ‘rollercoaster’ that was this thesis was much appreciated. Many
thanks to Mum for painstakingly reading my thesis draft. Last but not least, to my cat
Gracie- thanks for keeping me company on ‘writing’ days and jumping in front of my
computer screen to remind me to get up and take a break to come play!

xx

Chapter One: General Introduction

Chapter One: General introduction
Natural disturbances
Ecologists have long been interested in the role natural disturbances play in
shaping ecosystems (e.g. Darwin 1859). Disturbances are events that disrupt ecosystems,
communities or population structure, usually via changes in resource availability or
alterations to the physical environment (Pickett and White 1985). They act as both a
major source of temporal and spatial heterogeneity in the structure and dynamics of
natural communities and a driver of natural selection in the evolution of life histories of
flora and fauna (Sousa 1984).
Both abiotic and biotic processes act as agents of disturbance. Abiotic, or
physical processes, are the kind most often associated with the term disturbance (Sousa
1984). These processes include events such as fire, flood, drought, landslides, high winds
and large waves (Sousa 1984). Examples of biotic agents of disturbance include
herbivory (grazing) or predation (Sousa 1984). Physical disturbances from agents such as
fire, flood or high winds may have direct impacts on populations of mobile animals by
causing mortality or emigration away from the affected area (Sousa 1984; Whelan et al.
2002). These agents may also indirectly affect mobile animal populations as they
influence the composition and structure of sessile assemblages of plants that constitute a
major component of the habitat (shelter) or diet of mobile animals (Noble 1981; Sousa
1984).
A clear understanding of the dynamics of populations within environments
subject to disturbance requires knowledge of both the regime of disturbance (e.g. its
frequency, scale, intensity) and of the resultant patterns of survival, and colonization by
members of the biotic community in the disturbed areas (Sousa 1984; Whelan 1995).
These patterns depend upon the nature of the disturbance itself and the life history
strategies of the species occupying the disturbed sites (Sousa 1984).
It is vital that we develop a much better understanding of how communities are
affected by disturbances if we are to conserve them, especially since the pressures applied
to natural systems are increasing as we inflict anthropogenic changes to natural
disturbance regimes with little idea of the consequences.
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The fire regime
Fire is a major disturbance affecting many parts of the planet, resulting from
interactions between weather, fuels and humans (Flannigan et al. 2009). The impact of
fire upon an ecosystem depends upon the fire regime (Gill 1975) and the capacity of the
biota to tolerate that regime. Historically, fire regime has been defined in a variety of
ways and still lacks a clear, widely-accepted definition (Gill and Allan 2008; Krebs et al.
2010). Gill (1975) defined the components of a fire regime as fire intensity (a measure of
heat released per metre of fire front (kW/m); Gill (1975) imagined intensity as the
outcome of ‘heading’ or ‘backing fires’), fire frequency (interval between fires), fire
seasonality and type of fire (above or below ground). Many authors have subsequently
used Gill’s definition of the fire regime (e.g. Good 1981; Whelan 1995; Bond and van
Wilgen 1996; van Wilgen and Scholes 1997). The frequency of fire occurrence is
dependent upon the build up of sufficient fuel (Bond and van Wilgen 1996), the
frequency of ignitions and climatic factors such as relative humidity, rainfall and air
temperature (Whelan 1995). In order for fires to occur, the fuel must be dry enough to
burn and a source of ignition (most commonly lightning or anthropogenic) must be
present (Bond and van Wilgen 1996). The main determinant of fire season is climate, as
this determines the season of occurrence of natural ignition sources (lightning) (Whelan
1995). Fire intensity may be influenced by climate, topography, fuel load, fuel type and
chemistry and the vertical and horizontal distribution of the fuel (Whelan 1995).
In the USA, Heinselman (1981) identified the fire regime elements as fire type
and intensity (i.e. crown fires, severe surface fires or light surface fires), frequency (or
return interval), size and season of burn. Similarly, Christensen (1993) suggested that the
main components of the fire regime included intensity, frequency, spatial extent and
predictability. More recently, Krebs et al. (2010) have argued that conditions relating to
the occurrence of fire (e.g. ignition sources, weather conditions, fuel characteristics,
anthropogenic conditions and synergisms with events such as logging or drought) and the
immediate effects of fires (e.g. ecological severity (i.e. organism mortality, depth of
burn), severity on society (i.e. costs, victims, damage)) should be integrated into the
definition of a fire regime.
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Importantly, the more recent definitions of fire regime include spatial components
(i.e. a measure of fire ‘size’, ‘area’ or ‘patchiness’) that Gill (1975) did not consider
important. Gill and Allan (2008) argued a spatial measure of the fire regime was not of
primary importance as the mean fire size and fire frequency are positively correlated and
fire frequency is more ‘universally’ important to fire regimes. However, this argument is
based upon only one spatial fire regime modelling study that shows evidence of a positive
relationship between fire frequency and fire size distribution under natural conditions (Li
et al. 1999) and understates the potential importance of the spatial scale of a fire to many
organisms.
Some recent plans rely on Gill’s somewhat narrow definition of fire regime (e.g.
Marsden-Smedley 2009; DECCW 2010). Encouragingly, others have now included a
spatial component in their definition of fire regime (e.g. DSE 2006; USDA 2006; DEC
2008; DEH 2009) and have acknowledged that varying the fire regime spatially and
temporally across the landscape is important (Brockett et al. 2001). However, few, if any,
make explicit recommendations on the desirable or undesirable spatial dimensions of
fires. Acknowledging a spatial component of the fire regime is essential for fire managers
as particular spatial combinations of different fire histories may be needed to conserve all
species within a region if the species have differing tolerances to fire regime elements,
particularly the extent of a fire (Bradstock et al. 2005).
Differing fire regimes will affect the species composition of the plant
communities at a site and potentially the properties of the entire biotic community (Bond
and van Wilgen 1996; Bradstock and Cohn 2002; Gill and Allan 2008). This is because
different morphological and chemical properties of individual plant species (fuels) and
the arrangement of those species and communities in space influences their susceptibility
to fire (Bond and van Wilgen 1996). Differences in the fire-adaptive traits of plants lead
to differences in their susceptibility to fire, post-fire mortality and post-fire regeneration,
which leads to changes in the vegetation structure and composition after fire.
As plants in various spatial and temporal configurations form a critical part of the
habitat of fauna, changes in vegetation structure and composition caused by fire may lead
to changes in the animal species and communities that inhabit the vegetation (Gill and
Allan 2008). This reliance upon vegetation structure was demonstrated in Fox’s study of
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small mammal succession where successional changes in heathland vegetation, and not
time-since-fire per se, drove the responses of small mammal species along a regeneration
axis (Fox 1982). Subsequently, studies on other taxa including ants (Fox 1990), birds
(e.g. Kutt and Woinarski 2007; Haney et al. 2008) and reptiles (e.g. Caughley 1985;
Schlesinger et al. 1997; Letnic et al. 2004) have presented evidence consistent with Fox’s
habitat accommodation model (Fox 1982).
The burning practices of indigenous peoples worldwide have had a profound
effect upon vegetation through alterations to the fire regime (e.g. Yibarbuk et al. 2001;
Keeley 2002; Rodriguez 2007). Indigenous burning practices were traditionally carried
out in such a way as to ensure maximum food availability and human mobility (Latz
1995; Keeley 2002; Rodriguez 2007). The fires lit were of low intensity and small
extent, creating a patchy, fine-scale mosaic of burnt and unburnt country (Yibarbuk et al.
2001; Bowman et al. 2004; Rodriguez 2007). These burning practices were thought to
produce abundant and diverse animal and plant food and ensured that at the end of the
dry season, when the vegetation is very dry and lightning strikes are frequent, hot
widespread wildfires were less likely to endanger families (Latz 1995; Yibarbuk et al.
2001; Rodriguez 2007).
Fire managers are now attempting to replicate the disturbance regimes of the past,
such as the mosaic burning regime generated by indigenous burning practices, in order to
conserve biodiversity (Clarke 2008). However, regrettably, detailed knowledge of
indigenous burning regimes in many countries has not been documented (Bowman 1998;
Smith 2000).
A thorough understanding of current fire regimes is critical to fire and
biodiversity management as climate change is expected to alter the global distribution of
wildfire and consequently alter current fire regimes (Gill and Allan 2008; Krawchuk et
al. 2009). Changes that result in drier, warmer climates have the potential to alter fire
regimes by increasing fire occurrence (Lui et al. 2010), lengthening fire seasons
(Flannigan et al. 2009; Lui et al. 2010), increasing the likelihood of more extreme fire
weather events (Bradstock 2010; Lui et al. 2010) and altering ignition rates and the
availability of fuel (Bradstock 2010). As a result of increasing potential for fires to occur,
it is also predicted that there will be significant increases in the area burned (Flannigan et

4

Chapter One: General Introduction
al. 2009; Bradstock 2010). Other effects such as the influence of elevated levels of
carbon dioxide on plant growth and the effects of humans on ignitions may confound or
reinforce these changes (Bradstock 2010).

Fire regimes and biodiversity
Understanding the impacts of fire on biodiversity is becoming increasingly
important as human manipulation of fire regimes increases, climates change and the
public pressure to manage habitat/fuels for asset protection increases (Clarke 2008; Gill
and Allan 2008; Krawchuk et al. 2009; Driscoll et al. 2010). Although much work has
been done on monitoring the impacts fire regimes upon flora (e.g. Noble and Slatyer
1980; Pyke et al. 2010), consideration of the needs of fauna has received far less attention
(Clarke 2008). This scarcity of ecological understanding of the needs of fauna in relation
to fire weakens current fire management frameworks. The lack of data on the needs of
fauna is in part because broad-scale fauna surveys are time-consuming and expensive
(e.g. Garden et al. 2007), but also because when sampling fauna, it is hard to be confident
that you have gained a representative sample of the population.
Due to the profound shortage of empirical data on the habitat requirements of
fauna, expert opinion is increasingly being used to fill in the knowledge gaps (Kuhnert et
al. 2005; Martin et al. 2005; Oliver et al. 2007; MacNally et al. 2008; Low Choy et al.
2009; MacHunter et al. 2009; Murray et al. 2009; James et al. 2010; Kuhnert et al. 2010).
MacHunter et al. (2009) have developed a framework for integrating fauna into fire
management planning that relies heavily on expert botanists and zoologists to identify
habitat parameters that are presumed to be critical habitat components for fauna, identify
fauna associated with each vegetation class and estimate how the relative abundance of
fauna will change in each vegetation class growth stage (after fire). This approach is seen
as a cost-effective means of predicting the effect of various management strategies on
biodiversity (Martin et al. 2005; MacHunter et al. 2009).
To date, the majority of studies of the fire ecology of fauna have been carried out
at the site or patch scale, despite the fact that most fires (either prescribed or wild) are
landscape-level disturbances. Therefore, there is a need to understand faunal responses to
fire across broader spatial scales. Past studies routinely highlight the fact that certain
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species peak in their abundances at different seral stages post-fire, sometimes resulting in
different assemblages of organisms at sites at different seral stages following a fire (e.g.
Fox 1982; Caughley 1985; Izhaki and Adar 1997; Briani et al. 2004; Letnic et al. 2004;
Haney et al. 2008). These differences are often attributed to differences in the animals’
life history traits (shelter/foraging habitat, diet, ability to disperse, foraging pattern) and
responses to changes in the availability of resources or competition following a fire (e.g.
Fox 1982; Mushinsky 1992; Masters 1996; Schlesinger et al. 1997; Woinarski et al.
1999; Letnic et al. 2004; Wilgers and Horne 2006; Masterson et al. 2008). Many authors
then go on to advocate the implementation of patch mosaic burning (i.e. creation of
mosaics of patches with differing fire history) to maximise species diversity (e.g.
Braithwaite 1987; Mushinsky 1992; Masters 1996; Fuhlendorf et al. 2006; Wilgers and
Horne 2006; Menges 2007; Engle et al. 2008).

Fire mosaics and fire management
As a consequence of the assumed importance of maintaining a variety of timesince-fire ages within the vegetation of a landscape, it is widely accepted that
‘pyrodiversity begets biodiversity’ (Parr and Andersen 2006). That is, landscapes
exposed to a greater diversity of fire histories equate to landscapes with greater
biodiversity. Consequently, the aim of most fire management plans is to maintain a
visible ‘mosaic’ of vegetation patches of differing time-since-fire status in a landscape
(Brockett et al. 2001; Bradstock et al. 2005; Fuhlendorf et al. 2006). However, none of
the studies that advocate the implementation of fire mosaics present any data identifying
how well particular mosaics perform in accommodating diversity or any data indicating
that the animals are incapable of persisting in non-ideal seral stages (Smith 2000;
Bradstock et al. 2005; Clarke 2008).
In order to maintain a ‘visible mosaic’ of plant successional states, a model was
needed that would predict the effect of a disturbance event such as fire on plant
communities. In 1980, Noble and Slatyer introduced the plant vital attributes model that
was able to predict the successional changes in plant communities subject to recurrent
disturbances. The vital attributes of plants were defined as “those attributes which are
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vital to its role in a vegetation replacement sequence” (Noble and Slatyer 1980). The
attributes that were most important were the method of arrival or persistence of the
species during or after the disturbance, the ability to establish and grow to maturity in the
developing community and the time taken for the species to reach critical life stages
(juvenile, maturity etc) (Noble and Slatyer 1980). Some fire managers have used Noble
and Slatyer’s 1980 vital attributes framework to identify plant species that are the most
likely to be vulnerable to extreme fire regimes, such as too frequent fire or too infrequent
fire (Wouters 2004); such species were labelled Key Fire Response Species (KFRS).
Once all the KFRS are identified for a particular vegetation type, the maximum and
minimum tolerable fire intervals needed to maintain the community can be determined
(Tolhurst and Friend 2001; Wouters 2004). The vital attribute system derived by Noble
and Slatyer (1980) has subsequently been utilized to classify plant species into plant
functional types (PFTs) - groups of species sharing traits that govern their mechanisms of
response to environmental disturbances such as fire (Noble and Gitay 1996; Bradstock
and Kenny 2003; Keith et al. 2007). This has led to a change in focus from research on
the impact of fire as a disturbance factor on individual species, towards research into
plant functional types associated with fire (Keith et al. 2007; Allen 2008) and to the
development of decision frameworks for the management of plants using fire (e.g. Pyke
et al. 2010).
In Australia, some state-wide polices for ecological burning are primarily based
around the vital attributes of such KFRS (DSE 2006; DEH 2009; DECCW 2010). A
major shortcoming of the vital attributes approach is that, to date, all KFRS have been
plants, so managers are forced to assume that the needs of fauna will be catered for if fire
is managed for the needs of a select group of plants (Clarke 2008). Another key
shortcoming of the ‘vital attributes’ approach is that it assumes that the simple presence
of key plant species will cater for the needs of fauna, when the findings of some studies
suggest that it is the amount (cover) of shelter or foraging habitat offered by certain
habitat elements or plant species that are more important for fauna (e.g. Fox 1982;
Caughley 1985; Clarke 2008). These important habitat elements may not develop for
decades after the KFRS is capable of producing sufficient seed to replace itself (Clarke
2008).
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This bias toward meeting the needs of flora ahead of fauna in fire management is
also evident in management plans for the savanna ecosystems of the Kruger and the
Pilanseberg National Parks in South Africa, where patch mosaic burning is being
implemented, under the assumption that vegetation heterogeneity is a surrogate for
biodiversity (Parr and Chown 2003; Van Wilgen et al. 2008) within the parks. In
contrast to the use of KFRS to determine fire frequency (i.e. what many Australian states
have implemented), the area of each park burnt per year was determined by rainfall and
the resulting grass fuel biomass (Brockett et al. 2001; Van Wilgen et al. 2008). The
seasonality, area burnt, and fire intensity are spatially and temporally varied across a
landscape in an attempt to achieve fire mosaics that vary in extent and existence in time
(Brockett et al. 2001). Importantly, despite the patch mosaic burning regime being
formalised within these parks, the effects of this management strategy on biodiversity as
a whole, or particular vertebrate taxa have rarely been addressed (Parr and Brockett 1999;
Parr and Chown 2003).
North America does not have a very extensive recent history of using fire for
managing biodiversity (Parr and Andersen 2006). Forest fire management policies in the
western United States of America seem to be focussed primarily on the management of
fuels, followed by a vague goal of preserving ‘ecosystem integrity’ (Dellasala et al.
2004). Due to the fact that many forest fire policy makers in the United States of
America tend to be specialists in fire or fuel management, and not ecologists or
conservationists, it is not surprising that forest fire management focuses almost
exclusively on fuels (Franklin and Agee 2003; Dellasala et al. 2004; Noss et al. 2006).
As such, there have been frequent calls for new policies that reflect both ecological and
social requirements (Franklin and Agee 2003; Dellasala et al. 2004; Dombeck et al.
2004) and a dearth of data in relation to the influence of forest fire regimes upon
biodiversity (Brown and Smith 2000; Smith 2000).
In contrast to forest environments in the United States of America, a patch
dynamic approach to fire management, namely the ‘fire-grazing’ interaction model has
been implemented in the Great Plains grasslands of North America (Fuhlendorf and
Engle 2004). Under this model, discrete fires are applied to patches, and patchy grazing
by herbivores promotes a vegetation mosaic across the tall grass prairie landscape, which
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is thought to enhance biodiversity (Fuhlendorf and Engle 2004). Importantly, studies of
the influence of this fire-grazing model upon grassland birds have revealed that greater
spatial heterogeneity in vegetation (created by fire and grazing) provided greater
variability in the bird and invertebrate community (Fuhlendorf et al. 2006; Engle et al.
2008).

Fire mosaics and fauna
Worldwide, the influence of fire frequency or time-since-fire upon fauna has been
well documented in a limited number of habitats. However, our knowledge of how fauna
are influenced by the spatial arrangement and temporal sequences of fires (i.e. the fire
mosaic) is poor (Parr and Chown 2003; Bradstock et al. 2005; Clarke 2008; Driscoll et
al. 2010). The properties of the landscape (or fire) mosaic structure that may influence
the occurrence and abundance of fauna include the total extent of the suitable habitat, the
composition of the mosaic (e.g. number of patch types and compositional gradients) and
the spatial configuration of the elements in the mosaic (e.g. number and connectivity of
patches) (Bennett et al. 2006 ). For example, Atauri and Lucio (2001) found that
landscape heterogeneity was the main factor affecting species richness of birds,
amphibians, reptiles and lepidopterans in Madrid, Spain. In addition, Lee et al. (2002)
found that three neotropical migrant bird species were affected differently and at different
scales by habitat structure and configuration. They found that ovenbird (Seiurus
aurocapillus) abundance was best predicted by forest patch size and the amount of
surrounding landscape forest cover. In contrast, they found that wood thrushes
(Hylocichla musteline) and red-eyed vireo (Vireo olivaceus) abundances were best
predicted by the forest cover within the forest patch and the patch size. Furthermore,
Virgos (2001) found that the abundance of badgers (Meles meles) in a fragmented forest
in Central Spain was highly dependent upon landscape pattern, with fragment isolation
the main factor explaining the distribution of the species. Weibull et al. (2000) examined
the importance of land management practices and landscape structure on the diversity of
butterflies on farms. They found that butterfly diversity was positively correlated to
small-scale landscape heterogeneity and butterfly abundance with large-scale landscape
heterogeneity.
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The properties of landscape mosaics are likely to be important to fauna for several
reasons. First, as many faunal species are known to favour particular post-fire
successional or seral stages (e.g. Fox 1982; Caughley 1985), there must be sufficient
suitable habitat present in a suitable configuration to accommodate a viable population of
a species. For example, there may be a minimum area of a particular habitat type (patch
size) that must be present to accommodate a breeding territory of a species.
Second, as landscapes, and the populations they contain, are not stable through
time due to small and large-scale disturbances such as fire (Weins 1994), faunal species
must be able to move from unsuitable habitat and colonise newly suitable habitat. Patches
of suitable habitat may need to be within dispersing distance of one another for a viable
population of a species to be maintained in the landscape. As a consequence, the spatial
configuration and relative isolation of suitable habitats may influence the survival and
persistence of faunal species. Different species or groups of fauna may perceive the
landscape mosaic in very different ways. For example, a landscape that has been
fragmented by fire may be perceived by organisms with low dispersal capability (such as
small mammals and reptiles) as isolated patches, but may be perceived as highly
connected patches by more mobile species (such as birds and bats) (Weins 1994).
Lastly, many species of vertebrates may use different landscape elements daily,
seasonally and at different stages in their life cycles to obtain different resources (Law
and Dickman 1998). For example, the blossom bat (Syconycteris australis) specializes in
a diet of nectar and pollen in the heathlands of eastern Australia (Law 1992; Law 1993).
The bat feeds in the heathland, but uses the climatically-buffered foliage of the rainforest
as a roosting site. Similarly, the regent parrot (Polytelis anthopeplus monarchoides) nests
mainly in river red gums (Eucalyptus camaldulensis) along the Murray River in southern
Australia, but frequently feeds in stands of mallee up to 10km away (Burbidge 1985).
Such species will therefore need particular spatial configurations of landscape elements if
they are to maintain viable populations.
In light of the importance of landscape-scale factors in the occurrence and
abundance of fauna and the fact that fire is a landscape-scale process, a landscape-scale
approach (e.g. Bennett et al. 2006) is critical. To predict how fauna will respond to an
applied fire regime, we need to consider multiple scales at which the fauna respond to
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habitat alteration caused by fire. However, as several authors have highlighted (Weins
1994; Bradstock et al. 2005; Clarke 2008), very few quantitative studies have examined
how the properties of fire mosaics may influence faunal populations.

The Mallee Fire and Biodiversity Project
Integrating the spatial and temporal arrangement of fires into a natural experiment
requires well-mapped fire histories and vegetation types and an enormous sampling effort
(Driscoll et al. 2010). In 2006, a collaborative project between La Trobe and Deakin
Universities, the Mallee Fire and Biodiversity Project, was formed. This project
primarily aimed to determine the properties of fire-induced mosaics that enhance the
persistence and status of a variety of different taxonomic groups occurring throughout the
eucalypt-dominated Murray Mallee region of south-eastern Australia. In addition, due to
the lack of ecological data for many mallee fauna, it aimed to determine the habitat
attributes that influence the status of different species and assemblages. Finally, the
project aimed to determine how these favoured mosaic and habitat properties varied
between different taxonomic groups, and between different species or guilds within
groups.
We used a novel study design in which ‘whole’ mosaics of 4 km diameter (12.6
km2) were the sampling unit, allowing for landscape-level inference. As there was very
limited fire history and vegetation mapping information available for our study area, a
first and vital step in the design of the Mallee Fire and Biodiversity Project was the
production of an accurate, consistent map of the fire history and vegetation of the Murray
Mallee region. We produced a map of all of the fires that occurred between 1972-2007,
encompassing an area of over 10,000,000 ha; spanning the Murray Mallee region of
Victoria, New South Wales and South Australia (Avitabile et al. in prep; Appendix 1). In
addition we created a map of the major vegetation communities across the region. Four
vegetation communities were identified: Triodia Mallee, Chenopod Mallee, Heathy
Mallee and Shrubby Mallee (Haslem et al. 2010; Appendix 2). Three of these
communities: Triodia Mallee, Chenopod Mallee and Heathy Mallee were able to be
mapped across the study region (Haslem et al. 2010; Appendix 2).
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As the earliest satellite imagery available for use in fire mapping (Landsat) was
from 1972, all areas burnt prior to this date had to be lumped together by fire agencies
from the three states into a ‘long-unburnt’ category. From the fire mapping, 60% of tree
mallee vegetation was classified into this ‘long-unburnt’ category (i.e. not burnt for >35
years) within our study region. This classification may be misleading as the range of
actual fire ages within this category is likely to span decades, if not longer. To address
this limitation, we developed regression models for six species of mallee Eucalypt in
order to determine the relationship between stem diameters and stem age at sites of
known fire ages (Clarke et al. 2010; Appendix 3). The models were then applied to the
eucalypt trees at the pre-1972 (long-unburnt) sites to determine their ages. We then used
these models to predict mean stem age, and thus infer fire-year, for sites where the timesince-fire was not known. This approach enabled the examination of post-fire
chronosequences in semi-arid mallee ecosystems to be extended from 35 years post-fire
to over 100 years (Clarke et al. 2010; Appendix 3).
Study mosaics (n=28) were selected to represent a gradient in both the cover of
long-unburnt mallee and the diversity of fire-age classes (‘pyrodiversity’). Biodiversity
survey sites were established within each of the 28 mosaics. These sites were designed to
sample plants, key invertebrate species (termites, scorpions, centipedes and psyllids),
reptiles, small mammals and birds within the mosaics. Using an extensive biodiversity
data set gathered over a two-year period, the project identified the properties of fire
mosaics that were desirable for each taxonomic group.
My study aimed to determine the properties of fire-mosaics that influence the
diversity and composition of reptile communities in semi-arid mallee vegetation.

Fire and mallee reptile communities
Despite being a prominent component of mallee fauna, very few studies have
explored the influence of fire upon mallee reptile communities (Cogger 1989; Menkhorst
and Bennett 1990). As such, there is a dearth of empirical data on the habitat
requirements and hence fire responses of the majority of mallee reptile species. Early
studies opportunistically compared burnt (19 years since fire) versus unburnt sites (>30
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years since fire) across a variety of different mallee vegetation types and found that
recently burnt sites had greater abundances and diversity of reptiles (Cheal et al. 1979;
Mather 1979). However, the authors acknowledge that the results are more likely due to
the fact that there were more sites with dense cover of Triodia within the recently burnt
areas. Other chronosequential studies in tree mallee communities have found no
differences in reptile species richness with time-since-fire (Caughley 1985; Schlesinger et
al. 1997). However, both Caughley (1985) and Schlesinger et al. (1997) found that
changes in the vegetation structure, density and the amount of leaf litter available with
time-since-fire produced clear post-fire successional trends in the relative abundances of
some reptile species. These changes in relative abundances were linked to the reptile’s
shelter and foraging preferences. However, these studies sampled very few age classes
(only four age classes in each study) along relatively short chronosequences (60 years and
18 years, respectively), had very poor levels of replication (three replicates and five
replicates per burn, respectively) and were conducted at the site scale, with no
consideration of the effects of the spatial and temporal arrangement of fire ages (the fire
mosaic) within the landscape.
We therefore cannot rely on our current knowledge to define the fire mosaic or
indeed habitat attributes required to enhance the status of reptiles in the mallee. The
rapid identification of these ‘ideal’ habitat and mosaic properties is critical as some
management agencies are already undertaking large–scale landscape mosaic burning
programs in mallee ecosystems (DSE 2008) without understanding the impact such action
might have upon fauna such as reptiles.

Scope and structure of thesis
This thesis investigates the influence of fire regimes upon the biodiversity of
mallee reptile communities across large spatial and temporal scales. Due to the complex
nature of the methods involved in my project, my thesis begins with an overview of the
general study design of the project, fire and vegetation mapping, and the field and
statistical methods employed (Chapter 2).
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As ectotherms, reptiles depend upon external heat sources (primarily solar
radiation) for thermoregulation (Heatwole and Taylor 1987; Schmidt-Neilsen 1997). As
such, a major factor constraining the activity and hence detectability of reptiles is their
thermal environment. Therefore, selecting the most favourable seasonal and weather
conditions may help ensure that surveys maximise the likelihood of capturing a
representative sample of the reptile community, whilst minimising the effort required. In
Chapter 3, I identify the environmental conditions (i.e. weather, season and moon phase)
associated with the capture of the greatest diversity and abundances of mallee reptiles.
This is only the second study of its kind in mallee ecosystems and provides useful
information for the design and implementation of appropriate reptile survey protocols in
the future.
In the first study to be conducted over a century-long chronosequence, Chapter 4
explores whether fire is a major driver of mallee reptile richness and assemblage
composition at the site scale. As mentioned above, very few studies have explored the
influence of time-since-fire upon mallee reptiles and I question the reliability of those
studies due to poor levels of replication and a small number of fire age classes along
potentially inappropriately short chronosequences.
Due to the dearth of empirical data on the habitat requirements of species, expert
opinion is increasingly being used to identify critical habitat ‘surrogates’ for fauna
(MacHunter et al. 2009). Chapter 5 assesses the adequacy of using expert opinion to
identify fire-sensitive habitat elements required by mallee reptiles. Importantly, it also
explores whether managing the landscape for the needs of plants following the vital
attributes (Noble and Slatyer 1980) approach (outlined earlier) is likely to meet the needs
of mallee reptiles.
A fundamental premise of many land managers is that landscapes exposed to a
greater diversity of fire-regimes equate to landscapes with greater biodiversity, when
compared with landscapes that have a more uniform fire history (i.e. ‘pyrodiversity
begets biodiversity’) (Parr and Andersen 2006). In Chapter 6 I test “pyrodiversity
begets biodiversity” fire management hypothesis and determine the properties of fire
mosaics that enhance the status of reptiles in the mallee.
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Finally, in Chapter 7, I highlight the significance of my findings, acknowledge
the limitations of my study and suggest future research objectives.
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A space-for-time substitution method (Pickett 1989), or chronosequence, was
used in this study in order to examine the influence of fire history on the distribution and
abundance of reptiles. This method infers a time sequence of development from a series
of sites differing in time since last disturbance (Johnson and Miyanishi 2008). In this
study, a selection of sites was chosen encompassing a range in time-since-last-fire of over
one hundred years. There are a number of reasons why this approach was the most
appropriate for the questions needing to be addressed. Most importantly, this approach
allowed both spatial and temporal analysis of species’ distributions and community
composition over a much longer time-scale than would otherwise be available using other
experimental or longitudinal methods. Fire ‘experiments’ (where fire treatments are
applied) were not appropriate for our study due to statistical and logistical limitations.
First, our study was conducted over a large spatial scale, hence, using an experimental
approach would severely limit the number of replicates and treatments utilized and
therefore reduce the statistical power of the experiments (Quinn and Keough 2002).
Second, fire experiments involve the artificial manipulation of a natural process, so
extrapolation of results to natural disturbances could be problematic (Driscoll et al.
2010).
Longitudinal methods were not an option for this study as decisions about fire
management in parks and reserves are being made now and agencies cannot afford the
luxury of waiting decades for the results of long-term monitoring to guide policies and
fire management plans. A space-for-time substitution method facilitates more rapid
generation of insights in a time frame within which these management decisions are
being made. Long-term studies were inappropriate in this case as they would be
expensive to maintain, there is potential for unplanned fires to affect the spatial
consistency of treatments (Driscoll et al. 2010) and the natural fire return intervals for
mallee communities may extend for decades, or even centuries (indeed the results of
Clarke et al. 2010; Appendix 3 suggest this is so) which would be far too long to provide
useful ecological information for land managers in a timely fashion.
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Study area
The study area encompassed some 100,000km2 of the eucalypt-dominated
‘mallee’ vegetation, covering parts of Victoria, New South Wales and South Australia
(Figure 2.1). The semi-arid mallee region of Australia is characterised by shallow,
nutrient deficient soils, Mediterranean type climates (high summer temperatures and mild
winters) and median annual rainfalls of between 200-500mm, falling predominately in
winter (Hill 1990; Parsons 1994). Mallee vegetation is characterised by a canopy of
multi-stemmed eucalypts (‘mallee’ eucalypts); typically with an understorey of the
hummock grass Triodia scariosa, and sclerophyllous or chenopod shrubs (Parsons 1994).

Figure 2.1 The Murray Mallee region of south-eastern Australia. The white circles
indicate the position of the 28 study mosaics across the region.

Fire mapping
Despite the fact that all three states within the study area had fire history mapping
available, there were major limitations with existing information. These limitations
included: the inconsistent mapping of unburnt islands, the inconsistent scale of mapping,
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the use of multiple techniques to map fires, the existence of known gaps in geographic
coverage and the fact that fires on private land were not always mapped. Consequently,
consistent, accurate fire mapping of the entire study area was undertaken by the Project
Team to produce a map of the fire history of the Murray Mallee region (Figure 2.2;
Avitabile et al. in prep; Appendix 1).

Figure 2.2 Fire history map of the Murray Mallee region, south-eastern Australia, from
1972-2007 (from Avitabile et al. in prep; Appendix 1) of all fires that have occurred
across the Murray Mallee region of south-eastern Australia between 1972-2007. Fire scars
are grouped into decades. Unburnt mallee vegetation is vegetation that has not been burned for > 35 years.
White areas are non-mallee vegetation, cleared or agricultural land. Reserves outlined are 1 Danggali
Conservation Park, 2 Calperum Station (Bookmark Biosphere), 3 Gluepot Reserve, 4 Taylorville Station
(Bookmark Biosphere), 5 Billiat Conservation Park, 6 Murray-Sunset National Park, 7 Hattah-Kulkyne
National Park, 8 Mallee Cliffs National Park, 9 Petro Reserve, 10 Lethro Reserve, 11 Tarawi Nature
Reserve, and 12 Scotia Sanctuary.
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Ageing of sites burnt prior to 1972
As Landsat imagery was unavailable pre-1972, we were unable to determine the
age of sites burnt prior to 1972 and as a consequence, grouped all pre-1972 sites together
into a ‘long-unburnt’ category (>35 years since fire). The major limitation of such a
grouping is that the actual range of fire ages within this long unburnt category is likely to
span decades; hence some sites that are classed as long-unburnt may only be 40 years
since last burnt, yet some may be much older (80-100 years since last burnt).
Modelling of mallee eucalypt stem diameters from sites of known fire ages was
undertaken to address the limitation of being unable to determine ages of sites unburnt
since 1972 (Clarke et al. 2010; Appendix 3). These models were then applied to the
mallee eucalypt trees in sites burnt pre-1972 in order to predict the site’s fire age. The
models were validated with independent data from mallee sites for which we knew the
year in which they were burnt prior to 1972 (Clarke et al. 2010; Appendix 3). Reptile
sampling sites ranged in predicted fire age from 1 to 154 years post-fire (Table 2.1).

Table 2.1 Post-fire age distribution (in 10-year intervals) of the 280 reptile study sites
Years-since-fire
1 – 10
11 – 20
21 – 30
31 – 40
41 – 50
51 – 60
61 – 70
71 – 80
81 – 90
91 – 100
101 – 110
111 – 120
121 – 130
131 – 140
141 – 150
151 – 160
Total

No. sites
59
17
35
80
15
25
16
9
13
6
2
1
1
0
0
1
280

28

Chapter Two: General Methods

Mosaic selection
Twenty-eight fire-induced mosaics were selected for the study within the
eucalypt-dominated mallee region of south-eastern Australia (Figure 2.1). Mosaics were
selected in the broad geographic region, within public and private reserves in both the
northern part of the study region (Gluepot Reserve, Tarawi Nature Reserve, Scotia
Sanctuary, Danggali Conservation Park, Petro Station, Lethero Station) and in the
southern part of the region (Murray-Sunset National Park, Hattah-Kulkyne National Park,
Billiatt Conservation Park, Mallee Cliffs National Park).
Each mosaic consisted of a circle of radius 2km (area= 12.56km2) and was
situated at least 2km from any other mosaic (mean distance separating mosaics = 130km,
range = 6.3 to 217.7km; Haslem et al. 2010; Appendix 2). This mosaic size was chosen
for two reasons: 1) this size is likely to be as large, or larger, than the home ranges of
most taxa sampled and 2) this size enabled us to sample at the landscape scale (sensu
Radford and Bennett 2007) whilst taking into consideration logistical issues such as
accessibility and time constraints when sampling was undertaken. As most fires (either
prescribed or wild) are landscape-level disturbances, we felt that this was the most
appropriate scale for analyses.
The mosaics were chosen to represent a gradient in the extent of ‘long unburnt’
mallee (long unburnt mallee was defined as >35 yrs since fire) within the mosaic (ranging
from 0-100% of the area of the mosaic; Figure 2.3a). The mosaics were stratified for this
variable as mallee vegetation of this age class is hypothesised to be an important resource
for several key endangered bird species including the black-eared miner, Manorina
melanotis (Clarke et al. 2005), and the malleefowl, Leipoa ocellata (Benshemesh 2005).
Its importance for other taxonomic groups including reptiles, invertebrates and mammals
is relatively unknown. It was therefore vital that we understand the significance of longunburnt habitat for fauna as it is the easiest to destroy through inappropriate fire regimes
and the most difficult for land managers to ‘create’ within a landscape.
Mosaics were also chosen to represent variation in the number of post-fire age
classes (from 1-7; Figure 2.3b) within the mosaic. This represented a measure of the
known heterogeneity of fire age classes (or pyrodiversity) within the mosaic. The
mosaics were stratified by this variable to enable us to empirically test the long-held
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belief that ‘pyrodiversity begets biodiversity’ (Parr and Andersen 2006), that is, mosaics
that have a greater diversity of fire age classes will have a greater diversity of species.
We were unable to select mosaics that would represent a gradient in variation of
fire frequency as less than 5% of tree mallee vegetation within our study region was burnt
more than once throughout the 35 year study period (Avitabile et al. in review; Appendix
1).
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Figure 2.3 The range of (a) extent of “long-unburnt” (> 35 year old mallee) and (b) the
number of fire age classes sampled in the 28 study mosaics across the mallee region of
south-eastern Australia. A fire age was deemed to be present in a mosaic if at least 1% of
the mosaic comprised that fire age.
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Site selection
Reptiles were sampled at ten sites within each of the 28 fire-induced mosaics.
Each site comprised 10 pitfall traps (20 L plastic buckets buried flush with the ground)
spaced at 5m intervals, connected by a 50m drift fence (n = 280 pitfall lines). The
placement of these sites was primarily determined by the number and extent of each fire
age class within each mosaic (e.g. see Figure 2.4). For example, if fifty percent of the
mosaic was burnt in 2004 and the remaining fifty percent was long-unburnt, then five
sites were placed in the 2004 age class and the remaining five sites within the longunburnt age class. Where possible, the sites were placed to encompass any topographic
variation (dune/swale) within each fire age class. In addition, all sites were placed at
least 100m from the boundaries of fire scars, at least 25m from access roads, were at least
200m apart and at least one site was placed within each quadrant of the study mosaic.

1km

Figure 2.4 A map of one study mosaic showing the distribution of pitfall lines (circled in
blue) within each fire age class. Each colour represents a different fire age class
(red=1980 burn, green=1985 burn, white= pre-1972 burn). Access roads are represented
in red. The remaining ‘x’ marks on the map represent bird sampling points.
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As our study was conducted over such a broad geographic range, the reptile data
collected was likely to be under the influence of biogeographic effects such as
environmental gradients. In fact, across our study region in the Murray Mallee of southeastern Australia, three clear regional gradients in environmental variables are known to
exist. From south to north, there is a decrease in precipitation (and hence productivity)
and an increase in temperature (Pausas and Bradstock 2007). This would suggest that
mosaics further north (with higher temperature and lower precipitation and productivity)
may contain stronger elements of the arid herpetofauna, whilst mosaics further south may
have more mesic herpetofauna. Importantly, this suggests that mosaics in the middle,
where the mesic and arid herpetofaunal elements overlap, would have the highest
diversity. These potential biogeographic influences have been taken into account
throughout the analyses of Chapters 4, 5 and 6.

Habitat assessments
Assessment of the habitat at each site (n = 280 sites) was undertaken between
June and December 2007. Attributes of vegetation structure and ground cover were
measured using a 2 m long x 2 cm diameter pole, at 1 m intervals (points) along a 50-m
line transect situated approximately 10-15 m away from each pitfall line and running
parallel to the pitfall line. Firstly, the date, time, location, transect bearing (º) and the
latitude and longitude of the beginning of each transect were recorded. In addition, two
digital photos were taken at the beginning of each transect (one portrait and one
landscape view) in order to visually document the vegetation present at each site.
Vegetation structure was assessed across four vertical strata (<0.5 m, 0.5–1 m, 1–
2 m and >2 m) along the 50-m line transect. At a point, contact between the pole and live
(or dead) vegetation was recorded for each stratum. Vegetation structure was recorded in
life-form categories including: herb, dead matter, chenopod/zygophyllum, Triodia, shrub,
eucalyptus shrub, and tree. Dead matter refers to any dead vegetation (not including dead
stems from live trees) not continuous with the litter layer. A shrub was defined as a noneucalypt woody plant 50-200 cm in height. A eucalypt shrub was defined as any eucalypt
<3 m. A tree was defined as any plant >3 m. Multiple contacts at a point within a stratum
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were recorded as a single contact record only. Ground cover was classified at each point
into one of the following categories: bare ground, cryptogamic crust, leaf litter, plant
matter and logs. Litter depth was measured at each point to the nearest cm.
At points 0 m, 25 m and 50 m we measured the four nearest Triodia rings/clumps
(total of 12 clumps/rings per line transect) within 5m either side of the 50-m line transect.
For each individual clump/ring we measured: growth form (defined as a clump or ring);
height (to the nearest centimetre excluding flowering stems); diameter (to the nearest
centimetre, of the vegetative part of the plant at its widest point); and diameter (to the
nearest centimetre) of the internal hole in the middle of the Triodia ring, if it occurred in
this shape).
A range of attributes specific to the canopy vegetation were recorded at each
study site within a 50 m x 4 m quadrat (overlaying the 50-m line transect). Canopy height
was determined for a site by selecting a tree that was most representative of the average
canopy height of that site and estimating its height to the nearest metre (range 1-10 m),
relative to a 2 m pole. Stem characteristics were measured for at least ten eucalypt trees
representing each cohort at the site. For each individual eucalypt in the 50 m x 4 m
quadrat we recorded: the number of stems, the diameter of each stem (measured to the
nearest cm at approximately 30 cm above ground), whether the stem was living or dead,
the presence of hollows on each stem (recorded as either a canopy hollow (i.e. a hollow
>1 m from ground) or a basal hollow (i.e. a hollow < 1 m from the ground)), and a score
of decorticating bark (for trees >3 m). A hollow was defined as any cavity that appeared
to extend inside the tree. They could potentially be quite small (1-2 cm) and not
necessarily in the shape of a typical circular hollow. Hollows also included ‘spouts’
where there was an opening at the end of a broken stem/branch. Decorticating bark was
scored for each eucalypt (> 3m) measured within the 50 m x 4 m quadrat. All bark
measurements included only the area 60 cm from the ground. The categories were: none
(0), some (1) and lots (2). None (0) was no bark shedding that was greater than 30 cm in
length. Some (1) was recorded where less than 50% of the tree’s stem surface area
contained shedding bark. Lots (2) was recorded where > 50% of the tree’s stem surface
area contained shedding bark.
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At each site, perennial plant species within a 50 m x 10 m quadrat (centred on the
50 m transect) were identified and their cover-abundance assessed using a modified
Braun-Blanquet scale (1 or 2 plants, ≤5% cover, 6-25%, 26-50%, 51-75%, 76-100%).
Annual and semi-perennial species were not recorded as their occurrence and abundance
varies greatly in response to rainfall events. In addition, the number of ‘logs’ (hollow or
non hollow) >50 cm in length were recorded in two size categories (3-10 cm and >10 cm
in diameter) within this quadrat. A log was classified as hollow if it contained a cavity
entrance of ≥ 2 cm and if the log itself was largely intact (i.e. the surface of the log was
approximately complete – as opposed to a very decayed log, with extensive cracks).
Additional environmental characteristics were recorded for each site. Soil field
texture was assessed following McDonald et al. (1990). The landscape position of sites
was classified using the following categories: dune crest (uppermost dune point), dune
slope (any point between dune crest and base), swale (points at the base of valleys
between dunes) and flat-plane (terrain with little relief). If the site was on a dune or dune
slope, the aspect (i.e. north-south, east-west) was also recorded. The presence/absence of
any reproductive eucalypts (for each species) at a site as indicated by buds, fruits or
flowers on a tree or directly below it was recorded. This specifically refers to individual
trees burnt in the most recent fire. Finally, the fire history of each site was recorded in
relation to: a) whether or not the post-fire age of the site was consistent with our maps for
each site and b) whether the last fire was patchy. A site was categorised as patchily burnt
when there were unburnt patches of at least 5 m x 5 m within 25 m of the line transect,
otherwise it was recorded as ‘uniformly burnt’.

Mallee vegetation classification
Mallee vegetation types had not previously been described or mapped consistently
across our study region. Therefore a consistent system for classifying vegetation into
broad types was developed using cluster analyses on the floristic data collected from 835
sites. Four vegetation communities were identified: Triodia Mallee, Chenopod Mallee,
Heathy Mallee and Shrubby Mallee (Haslem et al. 2010; Appendix 2). Three of these
communities: Triodia Mallee, Chenopod Mallee and Heathy Mallee were able to be
mapped across the study region (Figure 2.5; Haslem et al. 2010; Appendix 2). Shrubby
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Mallee sites were most closely associated with Chenopod Mallee and were combined
with Chenopod Mallee in the mapping.
The Triodia Mallee community was dominated by a ground layer of Triodia
scariosa, with shrubs such as Acacia rigens and Beyeria opaca being common midstorey species and Eucalyptus dumosa and E. socialis being dominant canopy species.
Eucalyptus oleosa and E. gracillis characterised the canopy vegetation in the Chenopod
Mallee community, with a sparse ground layer of small shrubs such as Zygophyllum spp.
and chenopod species such as Maireana pentatropis and Enchylaena tomentosa. In
contrast, small woody shrubs such as Phebalium bullatum and Cryptandra tomentosa
dominated the lower strata of the Heathy Mallee community, whilst Callitris verrucosa,
Leptospermum coriaceum and Eucalyptus costata subsp. murrayana characterised the
canopy vegetation of this community.

Figure 2.5 A map of the three dominant mallee vegetation types (Triodia Mallee,
Chenopod Mallee and Heathy Mallee) across our study region (published in Haslem et al.
2010; Appendix 2).
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Chapter Three: Maximising trapping efficiency in reptile
surveys: the role of seasonality, weather conditions and
moon phase on capture success
(L. M. Spence-Bailey, D.G. Nimmo, L.T. Kelly, A. F. Bennett and M. F. Clarke (2010)
Wildlife Research 37:107-115)

Abstract
Designing an appropriate survey protocol requires understanding of how capture
rates of target species may be influenced by factors other than on-ground abundance,
such as weather conditions or seasonality. This is particularly relevant for ectotherms
such as reptiles, as activity can be affected by environmental conditions such as ambient
temperature. This study examines factors affecting capture success of reptiles in semiarid environments of southern Australia, and addresses two main questions: 1) what is
the influence of weather and seasonal factors on capture rates of reptiles, and 2) what are
the implications for developing an effective protocol for reptile surveys? We surveyed
reptiles using pitfall traps in spring and summer of 2006/07 and 2007/08 at sites (n=280)
throughout the Murray Mallee region of south-eastern Australia. We used mixed-effect
regression models to investigate the influence of seasonal and weather-related variables
on species’ capture success. Total captures of reptiles, and the likelihood of capture of 15
reptile species, increased with rising daily temperature. Greater numbers of individual
species were captured during spring compared with summer, even though temperatures
were cooler. This probably reflects greater levels of activity associated with breeding.
Several species were more likely to be captured when maximum or minimum daily
temperatures exceeded a certain level (e.g. Lerista labialis, Delma australis, Nephrurus
levis). Other factors, such as rainfall and moon phase, also influenced capture success of
some species. Surveys for reptiles in semi-arid environments are likely to capture the
greatest diversity of species on warm days in late spring months, although surveys on hot
days in summer will enhance detection of particular species (e.g. Morethia boulengeri,
Varanus gouldii). We recommend trapping during periods with maximum temperatures
exceeding 25-30 ºC and minimum overnight temperatures of 15 ºC. Finally, trapping
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during rainfall and full moon events will maximise chances of encountering species
sensitive to these variables (blind snakes and geckoes). Selecting the most favourable
seasonal and weather conditions will help ensure that reptile surveys maximise the
likelihood of capturing the greatest diversity of reptiles, whilst minimising trap-effort
required.

Introduction
Field surveys of fauna are an integral component of wildlife conservation and
management. When undertaking such studies it is critical to establish that sampling
results adequately reflect species’ occurrence at study sites (Caughley 1976). Designing
an appropriate sampling protocol requires an understanding of how capture rates of target
species are influenced by factors other than abundance, such as weather conditions and
seasonality. Reptiles, as ectotherms, depend upon external heat sources (primarily solar
radiation) for thermoregulation (Heatwole and Taylor 1987; Schmidt-Neilsen 1997). As
such, a major factor constraining the activity of ectotherms is their thermal environment.
Relative to endotherms that generate heat via metabolism of food (Schmidt-Neilsen 1997;
Shine 2005) and often remain active during cool and warm conditions, the activity of
ectotherms is influenced more by daily fluctuations in ambient temperature (SchmidtNeilsen 1997; Shine 2005). Furthermore, as individual species of reptile have different
thermal preferences (Heatwole and Taylor 1987), the activity patterns of species may
differ in response to variation in daily weather conditions.
Both laboratory and field-based studies have identified the preferred body
temperature (PBT) or active field body temperatures (FBT) of many species of reptiles
(Cogger 1974; Bradshaw et al. 1980; Bennett and John-Alder 1986; Henle 1990; Melville
and Schulte 2001; Whitaker and Shine 2002). Most agamid species have higher FBTs
(range 32.9-37.7 ºC; Melville and Shulte 2001) than many species of skink (e.g. Ctenotus
species: range 34.5-36.4 ºC; Egernia inornata 30 ºC) (Pianka and Giles 1982; Bennett
and John-Alder 1986), whereas geckoes typically maintain much lower active FBTs
(range 23.2-28.1 ºC) than do both skinks or agamids (Pianka and Pianka 1976; Henle
1990).
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The activity of reptiles is also affected by variation in other environmental
parameters, including fluctuations in relative humidity (Daltry et al. 1998; Read and
Moseby 2001; Sun et al. 2001; Brown and Shine 2002), rainfall (Shine and Koenig 2001;
Brown and Shine 2002), wind speed (Sun et al. 2001), cloud cover (Van Damme et al.
1987; Read and Moseby 2001) and moon phase (Clarke et al. 1996; Read and Moseby
2001; Brown and Shine 2002). The season in which reptile surveys are conducted also
influences captures, possibly because of seasonal changes in prey availability,
reproduction and associated mate-searching activity, or shifts in seasonal environmental
conditions (Heatwole and Taylor 1987; Sun et al. 2001; Brown et al. 2002).
Reptiles are a prominent component of the fauna of semi-arid environments in
southern Australia, with high levels of diversity occurring (Cogger 1989; Menkhorst and
Bennett 1990). Regional field guides for reptiles (Cogger 2000; Swan and Watharow
2005) suggest that different species are likely to be active under different climatic
conditions. For example, blind snakes (Family Typhlopidae) are encountered above
ground primarily on wet, humid nights (Swan and Watharow 2005). In the one published
study available, Read and Moseby (2001) concluded that daily maximum and minimum
temperature and relative humidity were the most influential factors affecting the activity
of semi-arid reptiles and therefore their rate of capture.
This study examines factors affecting the capture success of reptiles in semi-arid
environments of southern Australia. We address the following two main questions: 1)
what is the influence of weather and seasonal factors on the capture rate of reptiles across
broad spatial scales and 2) what are the implications for developing an effective protocol
for reptile surveys?

Methods
Study sites and data collection
The study was carried out in eucalypt-dominated ‘mallee’ vegetation in semi-arid
south-eastern Australia (See Figure 2.1, Chapter 2). Mallee refers to the growth form of
eucalypt trees which have multiple stems arising from a basal lignotuber. The term is
also used to refer to the region where such mallee trees are widespread. This region
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supports a diverse herpetofauna, with over 50 species of reptiles defined as ‘mallee’
inhabitants (Swan and Watharow 2005).
Twenty-eight mosaics, each 2 km in radius (i.e. 12.56 km2) were selected for
study (see Figure 2.1, Chapter 2). Each mosaic included 10 survey sites, with each site
comprising a line of 10 pitfall traps (20 L plastic buckets buried flush with the ground)
spaced at 5 m intervals, connected by a 50 m drift fence (n = 280 pitfall lines). A short
length of PVC pipe and a piece of white sheet were placed in each pitfall trap to shield
animals from weather extremes. All sites were at least 25 m from roads and at least 200
m apart.
Trapping was carried out for five consecutive nights in spring and in summer
during 2006/07 and 2007/08, resulting in 56,000 trap-nights. Trap lines were checked
once daily. Reptiles were identified to species-level with the aid of field guides (Cogger
2000; Swan and Watharow 2005), marked with a dot of nail polish or white-out and
released at the point of capture. The ‘spring’ surveys extended from October to early
December, whilst the ‘summer’ surveys were conducted from January to late March. In
November 2006 a fire forced the closure of traps within three landscapes at Gluepot
Reserve, South Australia. As a consequence, the affected mosaics were re-sampled in
October 2007.

Response variables
Reptiles were recorded at each individual site (n = 280); however, for analyses in
the present study, the data have been collated for whole mosaics (n = 28, Figure 2.1,
Chapter 2). Capture rates were used to explore the influence of weather and moon phase
variables upon groups of species and individual species. For groups of species (e.g. all
nocturnally active species), the response variable was the number of captures per night of
trapping per mosaic (each mosaic had 20 nights of trapping). For individual species, the
response variable was the presence/absence of the species per night of trapping per
mosaic. Rare species (those present at <10% of sites) were excluded from the analyses
because the number of captures was insufficient to perform statistical analysis.
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Explanatory variables
Daily weather data were obtained from Bureau of Meteorology (BOM) weather
stations (n = 7) situated within 100 km of the landscapes. The most representative station
for each study mosaic was identified by the BOM, 2009.
Weather variables obtained were maximum daily temperature (ºC), minimum
daily temperature (ºC), relative humidity (%), wind speed (km/h) and cloud cover (Oktas
or eighths). Cloud cover was a categorical variable with nine categories ranging from 0
(a cloudless sky) to 8 (complete cloud cover). Moon phase data were obtained from
Geoscience Australia (URL: http://www.ga.gov.au/geodesy/astro/moonphases, verified
July 2008) and were assigned to three categories following Read and Moseby (2001).
Zero (0) represented the two nights before, two nights after or the night of the new moon;
a ‘2’ represented the two nights before, two nights after or the night of the full moon; and
a ‘1’ represented intermediate moon phases for all nights in between.
Rainfall was recorded at a number of Bureau of Meteorology (Australia) weather
stations in the study area. However, storm activity and light rainfall events can occur
locally. Consequently, rainfall occurring at specific study sites may not have been
captured by broadly distributed weather stations. Thus, we recorded evidence of rainfall
in the field by documenting characteristic signs of rainfall at each site (such as the
presence of moist or disturbed soil) each day. Rainfall was scored categorically as either
none (0), light (1) or heavy (2). The night of trapping (numbered one to five for each of
four trapping sessions) and season (spring or summer) were also included in analyses to
explore their influence upon reptile captures.
Trap lines were checked in the morning only, and so the afternoon/evening prior
to each trap check was considered when exploring the influence of weather on capture
rates. Therefore, maximum temperature, humidity, cloud cover, rainfall, wind speed and
moon phase were recorded for the afternoon/evening prior to each trap check, while the
minimum overnight temperature was recorded for the night preceding the trap-check
morning.
Daily data for cloud cover, wind speed and relative humidity at 1500 h, 1800 h
and 2100 h were highly correlated (Pearson correlation, r > 0.6 in most cases).
Therefore, only data from 1500 h for these variables were used in analyses.
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Statistical analyses
We used regression modelling to analyse how capture rates and species
presence/absence were influenced by weather variables. Survey sites were sampled
repeatedly over time, resulting in non-independent error structure in the data. Further,
exploratory analysis (using scatterplots) indicated that our data set contained non-linear
relationships. As such we used Generalized Additive Mixed Models (GAMMs) (Wood
2006). This flexible form of regression can model non-linear relationships (Wood 2006).
“Mosaic” was regarded as a random effect, accounting for the non-independent error
structure in the data (Zuur et al. 2009), with all predictor variables being fixed effects.
Seven explanatory variables were considered in the modelling process (Table
3.1). Cloud cover was included for modelling diurnally active species only, while moon
phase was included only for modelling nocturnal species (Cogger 2000; Wilson and
Swan 2003; Swan and Watharow 2005).
A Poisson distribution of errors was specified for GAMMs when the response
variable was total captures, captures of nocturnal species or captures of diurnal species
per landscape, per night of trapping. A binomial error distribution was specified when
the response variables were presence/absence data. Adjusted R-squared values were used
to assess the explanatory power of the models. Significance values (P-values) for each
explanatory variable were determined using the global (full) model. Adjusted R-squared
values were used to assess the explanatory power of the models.

44

Chapter Three: Maximising reptile trapping efficiency
Table 3.1 Explanatory variables used to model the influence of weather and moon phase
conditions on captures of reptiles
Response variables
Total captures
Captures of diurnal species
Presence/absence of diurnal species

Explanatory variables used in model
- Maximum daily temperature (± 0.1ºC)
- Relative humidity at 1500 h (± 1%)
- Wind speed (± 0.1 km/h) at 1500 h
- Cloud cover (Oktas) at 1500 h
- Rainfall (0,1 or 2)
- Season (spring or summer)
- Night of trapping (1-5)

Captures of nocturnal species
Presence/absence of nocturnal species

-

Minimum daily temperature (± 0.1ºC)
Relative humidity at 1500 h (± 1%)
Wind speed (± 0.1km/h) at 1500 h
Rainfall (0,1 or 2)
Moon phase (0,1 or 2)
Season (spring or summer)
Night of trapping (1-5)

Statistical analyses were undertaken in R, version 2.7.2 (Ihaka and Gentleman
1996; R Development Core Team 2008). We ran GAMMs using the package mgcv
v.1.5-4 (Wood 2009). Additionally, we ran paired Student’s t-tests in SPSS (Student
version 16.0) in order to test for differences in captures between survey seasons.

Results
General trapping results and weather conditions
The survey effort of 56,000 trap-nights across 28 mosaics captured 55 species of
reptiles belonging to seven families. There were sufficient data for analysis for 30
species; for these species, there were 7406 captures in total, comprising 3880 captures of
diurnally active species and 3526 captures of nocturnal species (Table 3.2).
Mean maximum and minimum temperatures were greater for survey days in
summer than in spring. However, both spring and summer survey days had similar
temperature ranges (Table 3.3). Cloud cover, wind speed and relative humidity were
similar during survey days in both trapping seasons. The spring surveys were wetter and
experienced far fewer warm evenings (minimum overnight temperature >15 ºC) than did
summer surveys. Whereas summer survey temperatures were similar to long-term
averages (Table 3.3), the spring survey period was warmer than long-term averages, with
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higher mean maximum and minimum daily temperatures. In addition, both the spring
and summer survey periods had less monthly rainfall and were less humid than long-term
averages (Table 3.3). The timing of spring surveys resulted in there being more nights
with a full moon (52 landscape/nights) than in summer surveys (16); conversely, there
were more nights of new moon in summer surveys (77 mosaic nights v. 31 for spring).
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Table 3.2 Results of Generalised Additive Mixed Models (GAMMs) testing the influence of season, climate and moon phase on
captures of reptiles.
Models for single species are based on presence or absence within a mosaic per night of sampling as the response variable. *, p < 0.05, **, p < 0.01, ***, p <
0.001. (_) = negative relationship, ns = not significant, na = not included, d = diurnally active species, n = nocturnally active species. For season, reference level =
‘summer’ and for trap night reference level = night of trapping five

Response variables

n

Season

Max

Min

Relative

(spring/

temp

temp

humidity

summer)

(ºC)

(ºC)

(%)

Cloud

Rain

cover

prev

(0-8

24hrs

oktas)

(0,1,2)

Moon

Wind

Night of

Adjusted

phase

speed

trapping (1-

R-squared

(0,1,2)

(km/h)

5)

(%)

Total captures

7406

Spring ***

***

na

(***)

(**)

ns

na

ns

4(**)

32

Captures of diurnal species

3880

Spring ***

*

na

(***)

(***)

ns

na

ns

4(**)

15

Captures of nocturnal species

3526

Spring ***

na

***

ns

na

ns

ns

ns

3(*)

29

377

Spring ***

*

na

ns

ns

ns

na

ns

1(*)

5

1142

Spring*

ns

na

ns

ns

ns

na

ns

ns

<1

Ctenophorus. pictusd

150

ns

ns

na

ns

(*)

ns

na

ns

ns

<1

Pogona vitticepsd

197

ns

ns

na

ns

ns

ns

na

ns

ns

<1

Brachyurophis australisn

198

Spring ***

na

**

ns

na

ns

ns

ns

3(*)

12

Parasuta nigricepsn

72

ns

na

ns

ns

na

ns

ns

ns

ns

1

59

Spring**

ns

na

(*)

ns

ns

na

ns

ns

<1

Agamidae
Amphibolurus nobbi coggerid
Ctenophorus fordi

d

Elapidae

d

Pseudonaja modesta
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Gekkonidae
Diplodactylus damaeusn
Diplodactylus vittatus

n

Gehrya variegatan
Nephrurus levisn
n

1298

Spring ***

na

***

ns

na

ns

ns

ns

1,3*

7

236

Spring**

na

***

ns

na

*

ns

ns

2*

4

69

ns

na

***

(**)

na

(**)

ns

(*)

1,3,4*

1

47

Spring ***

na

***

(*)

na

(*)

(***)

ns

ns

4

81

Spring *

na

**

(*)

na

ns

ns

(*)

ns

<1

n

195

Spring ***

na

ns

ns

na

*

***

ns

ns

13

Delma australisd

Rhynchoedura ornata
Strophurus spp.
Pygopodidae

124

Spring ***

***

na

ns

ns

(*)

na

ns

ns

7

d

71

ns

***

na

ns

ns

ns

na

ns

ns

5

d

70

ns

**

na

ns

ns

ns

na

ns

ns

2

315

ns

ns

na

ns

(*)

ns

na

ns

ns

4

275

Spring ***

**

na

ns

(*)

ns

na

(*)

1(*)

5

343

ns

ns

na

ns

ns

ns

na

ns

ns

2

Ctenotus schomburgkiid

259

ns

ns

na

ns

ns

ns

na

(*)

ns

1

Egernia inornatan

511

Spring **

na

***

ns

na

ns

na

ns

1**,4*

3

140

Spring ***

na

***

ns

na

ns

ns

ns

1,2(**)

26

97

ns

na

***

ns

na

ns

ns

ns

1,2(***)

9

Delma butleri

Lialis burtonis
Scincidae

Ctenotus atlasd
d

Ctenotus brachyonyx
Ctenotus regius

d

Lerista bougainvillii
Lerista labialis

n

n

3,4(**)
Lerista punctatovittatan

474

Spring ***

na

***

(**)

na

ns

ns

*

1,2,3(***)

17

4(*)
Menetia greyii

d

267

ns

ns

na

(*)

(*)

ns

na

ns

1,2(*)

5
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4(***)
Morethia boulengeri

d

d

Morethia obscura

64

Spring*

ns

na

(*)

ns

ns

na

ns

ns

4

114

Spring ***

ns

na

ns

ns

ns

na

ns

ns

8

43

ns

na

ns

ns

na

**

*

ns

1,3(**)

11

65

ns

na

ns

ns

na

*

ns

ns

1(*)

4

53

ns

ns

na

ns

(**)

ns

na

ns

4(*)

3

Typhlopidae
Ramphotyphlops bicolorn
Ramphotyphlops bituberculatus

n

Varanidae
Varanus gouldiid
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Table 3.3 Seasonal weather averages (± S.E.) and ranges recorded at Bureau of Meteorology (BOM) stations during survey periods in
study mosaics (n = 280 mosaic nights of trapping per season). Mean total monthly rainfall (2006-2008) was recorded at the BOM
weather station at Mildura Airport (34.18 ºS, 142.20 ºE). For comparison, long term averages (1946-2008, recorded at the BOM
weather station, Mildura Airport, Victoria) are included. For these long-term averages, data for spring is for all days in Sept-Nov each
year, and for summer all days in Dec-Feb each year.
Spring

Summer

Spring

Summer

surveys

surveys

(1946-2008)

(1946-2008)

mean

range

mean

range

Daily minimum temperature ºC

12.44 ± 0.25

1.8 - 20.1

15.78 ± 0.31

5.0-25.9

9.83 ± 0.17

15.93 ± 0.12

Daily maximum temperature ºC

29.56 ± 0.34

18.0 - 41.5

32.98 ± 0.34

20.6 - 40.9

23.84 ± 0.24

31.26 ± 0.14

27.2 ± 1.7

21.4 ± 1.9

Survey days > 25 ºC

200

221

Survey nights > 15 ºC

29

159

Survey nights with rainfall

75

41

9.6 ± 4.2

17 ± 8.6

Total monthly rainfall (mm)
Daily relative humidity 1500 h (%)

24 ± 1

6 - 90

25 ± 1

9 – 71

35 ± 1

29 ± 0.5

Daily wind speed 1500 h (km/h)

15 ± 0.5

0 – 38.9

12.7 ± 0.5

0 – 46.4

19 ± 0.2

17 ± 0.2

Daily cloud cover 1500 h (Oktas)

4

0-8

3

0–8

4

3
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Models of trapping success
Weather and moon phase variables explained 32% of the variation in total
captures of reptiles (Table 3.2). These variables explained more variation in the capture
rate of nocturnally active species (29%) than diurnal species (15%). Furthermore,
weather and moon phase variables were more often significant in models for nocturnally
active species compared with diurnal species (Table 3.2).
Season and temperature (maximum or minimum) were the variables that were
most frequently significant in models of reptile capture rates (Table 3.2). Overall,
reptiles were captured at approximately twice the rate in spring than in summer (spring
mean 16.59 ± 1.11 v. summer mean 9.42 ± 0.63 captures per night of trapping per
mosaic; t = 8.81, df = 27, p < 0.001), despite the fact temperature ranges were similar
between seasons (Table 3.3). Diurnally active reptiles showed less marked differences
between spring and summer than did nocturnally active species. For diurnal species,
mean values were 6.78 ± 0.86 captures per night of trapping per mosaic in spring v. 4.68
± 0.61 captures per night of trapping per mosaic in summer (t = 4.99, df = 27, p < 0.001);
while for nocturnal species mean values were 8.06 ± 0.79 captures per night of trapping
per mosaic in spring v. 4.13 ± 0.41 in summer (t =5.32, df = 27, p < 0.001).
The total capture rates, and capture rates of diurnal and nocturnal species, all
increased with increasing minimum overnight and maximum daily temperature (Figure
3.1a and b). Total captures of reptiles seemed to increase linearly as daily maximum
temperatures increased (Figure 3.1a). Captures of diurnal reptile species peaked at
approximately 25 ºC maximum daily temperature (Figure 3.1a), whilst captures of
nocturnal species increased markedly once minimum temperatures exceeded 10-15 ºC
(Figure 3.1b).
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Figure 3.1 Changes in the predicted capture rates of (a) all reptiles (black triangles) and
diurnally active reptiles (open circles) and (b) nocturnally active reptiles with increasing
daily spring maximum/minimum temperature. Data points represent the predicted
capture rate per day of trapping per landscape ± S.E. generated using a Generalised
Additive Mixed Model (GAMM) of captures, with both maximum or minimum
temperature and season (= spring) as the predictors.
Across the study region, all 30 species considered in these analyses were captured
in both spring and summer trapping sessions. Although overall species richness of
reptiles per mosaic was higher in 27 of the 28 study mosaics during spring trapping
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sessions than during summer sessions, some species were only captured in particular
landscapes during summer. Summer trapping added between zero and seven species to
species totals for individual mosaics. Varanus gouldii (n = 9 mosaics), Ctenophorus
pictus (n = 6 mosaics) and Morethia boulengeri (n = 6 mosaics) were the species that
were most commonly captured in mosaics in the summer trapping sessions only.

Capture success for individual species
Sixteen species were captured significantly more frequently in spring compared to
summer (Table 3.2). GAMM results indicated that the presence/absence of 15 species
(five diurnal and 10 nocturnal) were significantly influenced by either minimum or
maximum daily temperature (Table 3.2). However, the shape of the response curves for
each species differed slightly. Some exhibit an almost linear increase in probability of
capture over the range of temperatures experienced during trapping (e.g. the diurnal skink
Ctenotus brachyonyx and the diurnal agamid Amphibolurus nobbi coggeri, Figure 3.2a).
Others, like the diurnal legless lizards Delma australis and Delma butleri, showed a
marked increase in probability of capture at temperatures between 25-30 ºC (Figure 3.2b).
Among the nocturnally active geckoes that showed a significant response to
minimum overnight temperature, Diplodactylus damaeus, D. vittatus and Gehyra
variegata showed a linear increase in capture with increased minimum temperature
(Figure 3.3a). In contrast, the probability of capture of Nephrurus levis appeared to
increase markedly once overnight temperatures exceeded 15 ºC, whilst the probability of
capture of Rynchoedura ornata peaked at minimum temperatures exceeding 15 ºC
(Figure 3.3a). The nocturnal skinks all exhibited considerable increases in probability of
capture with increasing minimum overnight temperature. The probability of capture of
Egernia inornata and Lerista bougainvillii increased markedly once minimum
temperatures exceeded 8-10 ºC (Figure 3.3b), while the likelihood of capturing L. labialis
was greatest when minimum overnight temperatures exceeded 15 ºC (Figure 3.3b).
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Figure 3.2 Changes in the predicted probability of capture of diurnally active species: (a)
Ctenotus brachyonyx (black diamonds) and Amphibolurus nobbi coggeri (open triangles)
and (b) legless lizard species; Delma australis (black triangles), D. butleri (black
diamonds) and Lialis burtonis (open circles) shown to be significantly influenced by
maximum temperature, by using GAMMs. Data points represent the predicted
probability of capture of the species ± S.E generated using Generalised Additive Mixed
Models (GAMMs) of presence/absence data with both maximum daily temperature and
season (= spring) as the predictors.
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Figure 3.3 Changes in the predicted probability of capture of nocturnally active species:
(a) gecko species Diplodactylus damaeus (black circles), D. vittatus (open squares),
Gehyra variegata (open circles), Nephrurus levis (black squares) and Rhynchoedura
ornata (black triangles) and (b) skink species; Egernia inornata (open squares), Lerista
bougainvillii (black circles), L. labialis (black triangles) and L. punctatovittata (open
circles) shown to be significantly influenced by minimum temperature, by using
Generalised Additive Mixed Models (GAMMs). Data points represent the predicted
probability of capture of the species ± S.E generated using a GAMM of presence/absence
data with both minimum temperature and season (= spring) as the predictors.
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Interestingly, increasing relative humidity had a negative influence upon the
overall capture rates of diurnally active reptiles and total reptile captures (Table 3.2).
Similarly, increasing relative humidity had a negative influence upon the presence of
seven species (Table 3.2).
Examining the raw weather data showed that as maximum temperature increased
throughout the trapping period, relative humidity decreased (y= -1.202x + 62.21, r² =
0.295, df = 516, p < 0.001). That is, during the trapping periods, the majority of the
weather conditions that were ‘humid’ were also cool, rather than ‘warm’ and humid. As
the latter combination (warm and humid) seldom occurred during trapping, it was not
possible to model the influence of this combination of factors on capture rates.
As days became more overcast, total captures and captures of diurnal reptiles
decreased (Table 3.2). Following afternoons of almost total cloud cover, captures of
diurnal species were only 5.22 ± 0.71 individuals per day of trapping per mosaic (n = 31
days), whereas on afternoons with no cloud cover (n = 57 days) capture success was 9.21
± 0.70 individuals per day of trapping per mosaic (t = 3.65, df = 86, p < 0.001). In
addition, the presence/absence of five species of diurnally active reptiles was negatively
influenced by increasing cloud cover (Table 3.2).
Seven species of reptile were influenced by rainfall (Table 3.2); the probability of
capture of four species increased with increasing rainfall (Figure 3.4a), whereas the
probability decreases for three species with increasing rainfall (Table 3.2). All species
that responded positively to rainfall were nocturnal and represented two families, namely
blind snakes (Typhlopidae) and geckoes (Gekkonidae). The blind snakes
Ramphotyphlops bicolor and R. bituberculatus had a probability of capture of <5% on
nights with no rainfall, but were more likely to be trapped after rain, with probabilities of
capture of >9% after light rain and >15% after heavy rain (Figure 3.4a). Similarly, the
geckoes D. vittatus and Strophurus spp. had a <30% probability of capture on nights of
no rain, but increased to probabilities of >30% after light rain and >40% after heavy rain
(Figure 3.4a).
Moon phase had no influence on overall capture success of reptiles (Table 3.2),
although it significantly influenced the probability of capture for two gecko species, N.
levis and Strophurus spp., and the blind snake R. bicolor. The probability of capturing N.
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levis dropped from 24% on the nights of new moon to 5% on the nights of full moon
(Figure 3.4b). In contrast, the likelihood of capturing Strophurus spp. increased as nights
became brighter, from 16% on the nights of new moon to 42% on nights of the full moon
(Figure 3.4b).
Wind speed had no effect on overall captures of diurnal or nocturnal species.
Only four individual species (Ctenotus brachyonyx, C. schomburgkii, G. variegata and R.
ornata) were less likely to be trapped on days of higher wind speeds (Table 3.2). In
contrast, the nocturnal skink, Lerista punctatovittata, was more likely to be captured after
days of higher wind speeds (Table 3.2).
The likelihood of capturing 14 species on a particular trap night was influenced by
how many trap-nights preceded that night within a trapping session (i.e. none to four
nights) (Table 3.2). Some, such as members of the genus Lerista, were more likely to be
trapped in the later stages of the trapping session (i.e. trap night 4 and 5) than in the
earlier nights (Table 3.2), whereas, gecko species such as D. damaeus and D. vittatus
were more likely to be captured on nights earlier in the trapping session (e.g. nights 1-3)
(Table 3.2).
Three of the 30 species of reptiles included in the analyses did not exhibit a
significant response to any explanatory variables (Table 3.2). Two of these species were
diurnal, namely Ctenotus regius and Pogona vitticeps, with the third species being the
nocturnal elapid Parasuta nigriceps (Table 3.2).
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Figure 3.4 Changes in the probability of capture of individual species of nocturnal
reptiles shown to be positively influenced by (a) rainfall; Diplodactylus vittatus (spotted
bar), Strophurus spp. (black bar), Ramphotyphlops bicolor (striped bar) and R.
bituberculatus (grey bar) or (b) moon phase; (Nephrurus levis (grey bar), Strophurus spp.
(black bar), R. bicolor (spotted bar)), by using Generalised Additive Mixed Models
(GAMMs). Data represent the predicted probability of capture ± S.E of the species
generated using a GAMM of presence/absence with both rainfall or moon phase and
season (= spring) as the predictors.
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Discussion
Reptiles in the semi-arid mallee region exhibited strong seasonality in capture
rates. More animals were captured in spring than summer, despite temperature ranges in
both seasons being similar. Previous studies have indicated that cues which drive
seasonality in activity of reptiles are related to the timing of reproduction (Sun et al.
2001; Brown and Shine 2002; Brown et al. 2002). Reproductive cycles in reptile species
are thought to result in the birth of young at the most favourable time of year, when food
resources are sufficiently abundant for rapid growth of juveniles, which is normally
during spring or early summer (Heatwole and Taylor 1987; Cogger 2000; Swan and
Watharow 2005). Hence, the strong seasonality observed in the capture success of some
reptiles may be associated with breeding activity during the spring sampling periods.
Nocturnally active reptiles were influenced by weather variables to a greater
extent than diurnal reptiles. Similarly, Read and Moseby (2001) found that weather and
moon phase variables accounted for 42% of the variation in capture rates of nocturnal
species, but only 25% of the variation for diurnal species. Brown and Shine (2002) found
that weather variables accounted for a substantial proportion of the variance in encounter
rates of the water python (Liasis fuscus) (39%) and the keelback (Tropidonophis mairii)
(31%), both of which are nocturnal species. This difference between nocturnal and
diurnal species is most likely due to differences in thermoregulatory strategies. Diurnal
species in the mallee region are almost entirely heliotherms that depend primarily upon
radiant energy for body heat (Heatwole and Taylor 1987). They can maintain their
preferred body temperatures, despite variation in climatic conditions, through behavioural
means such as basking, shade-seeking, perching or postural changes (Cogger 1974;
Heatwole and Taylor 1987; Melville and Schulte 2001). Some nocturnally active reptiles
use behavioural strategies such as repositioning themselves in different microclimates to
minimise heat stress or maximise activity (Webb et al. 2004; Croak et al. 2008).
However, as most nocturnal reptiles are predominantly thigmothermic, they depend
primarily on heat exchange with substrates to maintain preferred body temperatures.
Hence, their activity is more closely correlated with climatic factors such as ambient
temperature (Pianka and Pianka 1976; Heatwole and Taylor 1987).
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Of all climatic variables, temperature had the greatest influence on the capture
rates of reptiles; both the overall captures of reptiles (total, diurnal and nocturnal species)
and captures of individual species increased with increasing temperature. This is
consistent with studies of snakes (Nelson and Gregory 2000; Sun et al. 2001; Brown and
Shine 2002), and other reptile species in semi-arid environments (Read and Moseby,
2001).
Captures of diurnal reptiles increased with increasing temperature until it
exceeded 25 ºC, after which capture rates remained relatively constant with increasing
temperature. Consequently, to maximise captures of diurnal reptiles, trapping periods
should include daily temperatures that exceed this threshold (25 ºC), irrespective of the
season. Captures of nocturnal species increased once minimum temperatures exceeded
10-15 ºC; thus, warm nights favour capture of these species. There were two common
responses to minimum overnight temperature; captures of some species like E. inornata
and L. bougainvillii increased markedly when minimum overnight temperatures reached
8-10 ºC, whereas others, such as L. labialis and N. levis, increased noticeably only when
minimum overnight temperatures exceeded 15 ºC. Hence, total reptile captures increased
with increasing temperature, and capture rates did not plateau or decline in the hottest
weather.
Although the likelihood of capture of five diurnal species increased with
increasing daily maximum temperature, the shape of their responses differed (Figure 3.2).
Ctenotus brachyonyx and A. nobbi coggeri showed a linear increase in the probability of
capture with increasing maximum temperature, whereas the probability of capture of the
pygopodid species D. australis and D. butleri increased disproportionately after the
temperatures exceeded 30 ºC. Nothing is known about behavioural thermoregulation,
preferred body temperatures (PBT) or critical span of C. brachyonyx or the two Delma
species. However, in laboratory-based thermal gradient studies, L. burtonis maintained
an average PBT of 35.1 ºC (Bradshaw et al. 1980). This is consistent with its greater
probability of capture when temperatures exceed 30 ºC. Species of Ctenotus tolerate a
broad range of ambient temperatures (e.g. C. regius remains active from 8.7 ºC to 45.1
ºC; Bennett and John-Adler 1986). In the present study, C. brachyonyx was captured
across a broad range of temperatures with no apparent maximum temperature threshold.
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For five species of gecko, the probability of capture increased with increasing
overnight minimum temperature (Figure 3.3), although the response shapes differed
among the species. Whilst Diplodactylus damaeus, D. vittatus and G. variegata
exhibited linear responses to increasing temperature, R. ornata and N. levis showed a
preference for temperatures exceeding 15 ºC. These differences are difficult to explain
given that they share similar active field body temperatures (Pianka and Pianka 1976). A
possible explanation relates to the range of temperatures in which each species is active.
Diplodactylus damaeus and G. variegata remain active in a broad range of ambient
temperatures (7.5 ºC - 44 ºC and 6 ºC - 43.8 ºC, respectively; Henle 1990), and thus are
unlikely to exhibit a threshold response to minimum temperature.
The critical thermal minimum of E. inornata (9.5-10.1 ºC) corresponds with the
marked increase in probability of capture at 8-10 ºC (Spellerberg 1972). In contrast, the
probability of trapping L. labialis increased markedly as minimum temperature exceeded
15 ºC, whereas L. punctatovittata showed a linear response to increasing temperature.
These findings all highlight the importance of trapping for nocturnal reptiles on warmer
nights, preferably above 10 ºC, and ideally above 15 - 20 ºC.
Increasing humidity was associated with decreased captures of nocturnal reptiles.
This result was unexpected. Heatwole and Taylor (1987) note that evaporative water loss
in reptiles is influenced by both the temperature and humidity of the surrounding
environment. At a given temperature, evaporative water loss occurs more rapidly at
lower relative humidities (Heatwole and Taylor, 1987), suggesting species would favour
conditions with higher humidity. However, in the present study higher humidity was
associated with cooler conditions (rather than warm, wet conditions). Reptile activity is
strongly influenced by increasing temperature, so captures are more frequent at higher
temperatures, when humidity tends to be lower.
Rainfall and moon phase did not influence overall capture rates of reptiles,
although they did affect particular species. Capture success for both species of blind
snake increased with rainfall. Whilst our measure of rainfall was crude (none, light,
heavy), the present results support the contention in field guides (e.g. Swan and
Watharow, 2005) that blind snakes are observed on the surface more often following rain.
Ramphotyphlops bicolor and R. bituberculatus feed primarily upon the adults, eggs and
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larvae of ants (Shine and Webb 1990; Webb and Shine 1993). In semi-arid south-western
New South Wales, Briese and Macauley (1980) found that the proportion of active ant
nests increased markedly after increasing soil moisture (i.e. the addition of water near
nest area). Rainfall events may hence be linked with increased availability of food for
blind snakes.
Two geckoes, Strophurus spp. and D. vittatus, were also more likely to be
encountered following rainfall. Anecdotally, Strophurus spp. is reported to be more
active on warm nights after rain (Swan and Watharow, 2005). There is no specific
information on the activity of D. vittatus after rainfall, although Henle (1990) found that
congeners (D. damaeus and Diplodactylus tessellatus) remained active in light to medium
rain, with activity of D. tessellatus limited by low humidity.
Moon phase influenced the probability of capture of two species; the probability
of capture of N. levis decreased with increasing fullness of the moon, whereas the
opposite was observed for Strophurus spp. Other studies have shown that encounter rates
of nocturnal reptile species decrease with increasing light at night (Read and Moseby,
2001; Brown and Shine, 2002). On bright nights reptiles may be more vulnerable to
predators. In addition, their prey may be less active due to exposure to predation (e.g.
scorpions; Skutelsky 1996). These explanations may account for the response of N. levis
but are inadequate for Strophurus spp. In contrast to N. levis, which forages in open
spaces (Pianka and Pianka 1976), Strophurus spp. is primarily arboreal (How et al. 1986)
and shelters among vegetation that may be less exposed to predators on brighter nights.
Differences in visual acuity may also be involved. Werner and Seifan (2006) found that
eye size was larger (relative to body size) in terrestrial compared with arboreal species of
gecko. Strophurus spp. are arboreal, and have smaller eyes (Pianka and Pianka 1976)
than does the terrestrial N. levis. Strophurus spp. may forage on brighter nights to
maximise hunting success, but be constrained to foraging within vegetation to minimise
predation risk.
Only three species were not affected by season, climate or moon phase, namely
two diurnal species, C. regius and P. vitticeps, and one nocturnal elapid, P. nigriceps. As
mentioned earlier, diurnal heliotherms are likely to be less affected by climate because
they can thermoregulate by behavioural means (Heatwole and Taylor 1987).
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Although a range of weather and moon phase variables influence capture rates of
many reptile species, much of the variation in capture success remains unexplained.
Other studies have reported similar results (Owen 1989; Read and Moseby 2001; Brown
and Shine 2002). Other factors that may affect capture rates of reptiles include
‘trappability’ (i.e. the ability to escape traps or actually get trapped), the likelihood of
encountering a trap (e.g. differences in range of movement), the timing of reproduction
and aestivation, and the presence of important habitat features.

Conclusions
Given limited time available for surveys, the greatest diversity of reptiles will be
gained by concentrating trapping effort predominantly in spring months. Trapping
success will be higher if maximum daily temperatures during the survey period are
greater than 25-30 ºC and overnight temperatures are at least 8-10 ºC, and preferably
exceeding 15 ºC. Trapping success will also be enhanced if some very hot days and
warm nights are experienced during the survey as it will increase the probability of
capturing species such as the legless lizards D. australis and D. butleri or the nocturnal
species, L. labialis and N. levis. Finally, rainfall and full moon events enhance the
chances of capturing species such as blind snakes and geckos. Selecting the most
favourable seasonal and weather conditions will help ensure that reptile surveys
maximise the likelihood of capturing the greatest diversity of reptiles, while minimising
the effort required.
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Chapter Four: Is fire a major driver of species richness
and assemblage composition in mallee reptile
communities?
Abstract
Fire is a common phenomenon in mallee ecosystems. A frequent finding of both
national and international studies in a variety of different ecosystems has been that reptile
species richness is not influenced by time-since-fire. As managers use species richness
and diversity as measures of ecosystem ‘health’, these findings may lead to conclusions
that reptiles, as a group, are resilient to fire. However, to do so might be to miss subtle
but important effects in which different assemblages of reptiles occupy landscapes at
different time-since-fire stages. This study attempted to determine if fire was a major
driver of species richness and assemblage composition in mallee reptile communities. To
do so, we examined the response of semi-arid reptile communities to time-since-fire in
two predominant vegetation communities- Triodia Mallee and Chenopod Mallee. We
surveyed reptiles using pitfall traps in the spring and summer of 2006/07 and 2007/08 at
sites (n=254) of differing time-since-fire age classes throughout the Murray Mallee
region of south-eastern Australia. We used mixed-effect regression models to investigate
the influence of time-since-fire on reptile species richness. Total species richness was not
influenced by time-since-fire. The species richness of ‘common species’ (those found in
at least 10% of sites) showed a peak at 30 years post-fire, which corresponded with the
greatest coverage of the hummock grass Triodia. Shelter preference subgroups of reptile
richness showed time-since-fire response shapes that were similar to the fire response
shapes of important habitat elements for the subgroups. The explanatory and predictive
power of all time-since-fire models was weak (maximum 13% deviance explained,
maximum mean cross validation correlation of 0.273), indicating that fire was not the
main driver of reptile richness. Community composition analyses revealed successional
changes in vegetation structure and not time-since-fire per se influenced the relative
abundance of subgroups of reptiles, consistent with the habitat accommodation model. In
Triodia Mallee, soil-dwellers predominated in the early seral stages (0-11 years since
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fire), but remained abundant in the older seral stages. In contrast, the abundance of
Triodia-dwellers showed a peak at sites 19-50 years since fire and the abundance of litterdwellers plateaued in the later seral stages (19-50 and >50 years since fire). In order to
maximise reptile species richness and abundances, fire management should be focussed
on the creation or maintenance of Triodia Mallee vegetation that has not been burned for
19-50 years and the protection of long-unburnt habitat (>50 years since fire).

Introduction
Worldwide, fire has increasingly been advocated as a tool in the management of
biodiversity within biomes, including shrublands (Keeley and Fotheringham 2001),
forests (Angelstam et al. 1997), woodlands (DSE 2008), grasslands (Fuhlendorf and
Engle 2004; Hamilton 2007) and savannas (Brockett et al. 2001). It is considered an
important management tool because of its profound effect on species and the ecological
processes that influence the persistence of species within particular communities and
ecosystems (Gill et al. 1981; Bradstock et al. 1995; Bradstock et al. 2002). The use of
fire as a management tool is a complex challenge for land managers as often fire
management policies must attempt to conserve the richness and viability of species and
communities (Thompson and Starzomski 2007; Clarke 2008), whilst concurrently
achieving other objectives such as the protection of life or property or key forest
resources (Bradstock et al. 1995; Angelstam et al. 1997; Franklin and Agee 2003;
Dellasala et al. 2004; DSE 2006; Noss et al. 2006). The ability of current fire
management practices to protect life and property is easily assessed. However,
monitoring of the consequences of fire management actions upon biodiversity is much
more challenging. Much work has been done on monitoring the impact of fire
management strategies on flora. However, consideration of the needs of fauna have
received far less attention (Parr and Chown 2003; Clarke 2008).
Reptiles are very useful for monitoring the impacts of fire-induced disturbances as
they are often abundant compared to other taxa and are easily trapped and identified. In
addition, they are known to respond strongly to changes in vegetation structure (Brown
2001; Taylor and Fox 2001; James and M'Closkey 2003; Garden et al. 2007; Kutt and
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Woinarski 2007; Valentine and Schwarzkopf 2009), and thus, are likely be sensitive to
structural changes in vegetation associated with fire events.
A common finding in a variety of different ecosystems has been that reptile
species richness is not influenced by time-since-fire (Caughley 1985; Bamford 1995;
Schlesinger et al. 1997; Moseley et al. 2003; Wilgers and Horne 2006; Lindenmayer et
al. 2008; Masterson et al. 2008). However, some of these studies report patterns
consistent with Fox’s (1982) habitat accommodation model of succession, where
successional changes in vegetation drive the responses of species along a vegetation
regeneration continuum (Caughley 1985; Schlesinger et al. 1997; Letnic et al. 2004;
Wilgers and Horne 2006). A common and major shortcoming of these studies is the
limited length of the chronosequence they examine. Due to lack of fire history
information regarding the age of long-unburnt sites, studies by Letnic et al. (2004),
Bamford (1995) and Schlesinger et al. (1997) all consider a chronosequence of only 1826 years and consider sites at the upper end of that range to be ‘long-unburnt’. In a
novel approach, our study addressed this limitation by utilizing the results of modelling
of mallee eucalypt stem diameters from sites of known fire ages to determine the ages of
older sites with unknown fire ages (Clarke et al. 2010; Appendix 3). In doing so, we
were able to examine a century-long chronosequence across 280 sites.
Very few studies have explored the influence of fire upon mallee reptile
communities. Early studies opportunistically compared burnt (19 years since fire) with
unburnt sites (>30 years since fire) across a variety of different mallee vegetation types
and found that recently burnt sites had greater reptile species abundances and diversity
(Cheal et al. 1979; Mather 1979). However, they acknowledge that the results are more
likely due to the fact that there were more sites with dense cover of Triodia within the
recently burnt areas. Other chronosequential studies conducted in the mallee found no
differences in species richness with time-since-fire (Caughley 1985; Schlesinger et al.
1997). These studies were conducted over a 60 year (Caughley 1985) and 18 year
(Schlesinger et al. 1997) chronosequence and found that changes in the vegetation
structure, density and the amount of leaf litter available with time-since-fire produced
clear post-fire successional trends in the relative abundances of some reptile species but
not the variety of species. These changes in relative abundances were linked to the
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reptile’s shelter and foraging preferences. For example, both Caughley (1985) and
Schlesinger et al. (1997) found that species that were common in recently burnt sites
were all burrowers and preferred open ground for foraging (e.g. gecko species), but they
were all uncommon in the long-unburnt sites (60 and 18 years since fire, respectively). In
addition Caughley (1985) found that when sufficient litter had built up (25 years postfire), litter-dwelling species such as obscure skinks (Morethia obscura) and southern
spiny-tailed geckos (Strophurus intermedius) were found more frequently.
There is varied support for Caughley’s successional model for reptile responses to
time-since-fire. In a study by Letnic et al. (2004) in the arid hummock grasslands of
central Australia, lizard community composition was depicted as existing along a single
continuum of vegetation structure and conformed to Caughley’s model for reptile
community post-fire succession. In contrast, Driscoll and Hendersen (2008) found that
the fire responses of only three out of 16 reptile species were consistent with Caughley’s
successional model for reptiles. In a completely different habitat to mallee (a temperate,
coastal environment on the south coast of NSW), a study by Lindenmayer et al. (2008)
also found little evidence to support Caughley’s model and instead argued reptile species
responded more strongly to vegetation type rather than fire age classes. However, since
this study sampled an extremely diverse range of vegetation types (e.g. rainforest, heath,
woodland), it may be unsurprising that in comparison to vegetation type, fire history was
a poorer predictor of reptile species richness.
We predict that the overall richness of mallee reptiles will not alter with timesince-fire. However, due to changes in fire-sensitive vegetation structures along the timesince-fire continuum (Haslem et al. 2010a; Appendix 4), we predict the composition of
reptile assemblages will change in different time-since-fire stages based on the species’
shelter requirements. More specifically, we predict that the abundance and richness of
those species that utilize burrows or soil for shelter will remain unchanged across seral
stages. Species that rely upon Triodia scariosa for shelter will become more abundant at
approximately 20-30 years post-fire, as this is the age at which Triodia matures
(Bradstock and Gill 1993) and offers the greatest amount of cover (Haslem et al. 2010a;
Appendix 4). Finally, species that require a build up of litter or bark for shelter will be
most abundant in longer unburnt sites as the accumulation of litter increases with time-
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since-fire. To test these predictions, our study addressed two key questions 1) Is fire a
major driver of species richness and diversity in mallee reptile communities?; 2) Does the
composition of mallee reptile assemblages change with time-since-fire due to changing
availability of shelter, as predicted by the habitat accommodation hypothesis?

Methods
Study area
The study area encompassed some 100,000km2 of the eucalypt-dominated
‘mallee’ vegetation, covering parts of Victoria, New South Wales and South Australia
(See Figure 2.1 in Chapter 2). Mallee vegetation is typically characterised by short,
shrubby eucalypts with multiple stems arising separately from a subterranean lignotuber
(Hill 1989). The semi-arid mallee region of Australia is characterised by shallow,
nutrient deficient soils, Mediterranean type climates (high summer temperatures and mild
winters) and median annual rainfalls of between 200-500mm, falling predominately in
winter (Hill 1990; Parsons 1994).

Fire mapping and vegetation classification
Mallee vegetation types had not previously been described or mapped consistently
across our tri-state study region, therefore vegetation classifications were determined
using cluster analyses on floristic data from 835 sites. Four vegetation communities were
identified: Triodia Mallee, Chenopod Mallee, Heathy Mallee and Shrubby Mallee
(Haslem et al. 2010b; Appendix 2). Three of these communities: Triodia Mallee,
Chenopod Mallee and Heathy Mallee were able to be mapped across the study region
(Haslem et al. 2010b; Appendix 2). Shrubby Mallee sites were most closely associated
with Chenopod Mallee and were combined with Chenopod Mallee in the mapping. Due
to the small number of reptile survey sites located within the Heathy Mallee vegetation (n
= 23), Heathy Mallee sites were excluded from time-since-fire modelling.
We used a space-for-time substitution approach to investigate the influence of
time-since-fire upon reptile species richness, with sites of differing fire ages representing
the post-fire chronosequence. In order to determine the fire age of each site, a GIS layer

72

Chapter Four: Fire and reptile richness
depicting fire history was created for the study area by mapping all of the fires between
1972 and 2007 from Landsat imagery, with a pixel resolution of 25 x 25m (Avitabile et
al. in prep; Appendix 1). As Landsat imagery was unavailable pre-1972, modelling of
mallee eucalypt stem diameters from sites of known fire ages was undertaken to address
the limitation of being unable to determine ages of sites prior to 1972 (Clarke et al. 2010;
Appendix 3). These models were then applied to the mallee eucalypt trees in sites burnt
pre-1972 in order to predict their fire ages. The models were then validated with
independent data from mallee sites of known fire age prior to 1972 (Clarke et al. 2010;
Appendix 3). Sites estimated to be greater than 110 years old (n = 3) were excluded from
these analyses due to increasing uncertainty in the predictions of aging models. Thus, the
maximum fire-age of any study site included in the analysis was 110 years old.
Table 4.1 shows the distribution of all 254 reptile study sites across the 110-year
fire chronosequence in the two vegetation types investigated. Reduced fire activity in the
study area between 1987 and 1996 resulted in a lack of sites aged between 11-20 years
(Avitabile et al., in prep; Appendix 1). As in the vegetation mapping, Shrubby Mallee
sites were combined with Chenopod Mallee sites for the purposes of this analyses.
Table 4.1 Distribution (in 10-year intervals) of 254 reptile study sites across the 110-year
post-fire chronosequence, and two vegetation types, sampled in this study. TM = Triodia
Mallee; CM = Chenopod Mallee
Years-since-fire
1 – 10
11 – 20
21 – 30
31 – 40
41 – 50
51 – 60
61 – 70
71 – 80
81 – 90
91 – 100
101 – 110
Total

Number of sites
TM
CM
54
6
1
0
32
3
54
24
7
7
14
9
8
5
4
5
7
6
3
3
1
1
185
69
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Habitat assessments
All vegetation data were collected between July and December, 2007 at 280 sites
across the study region. Details of the data collected and the methods employed are
provided in Chapter 2 (General Methods).

Classification of Triodia Mallee seral stages
In order to assess the variation in species abundances within the reptile
community along the time-since-fire chronosequence, several seral stages within the most
frequently sampled vegetation types, Triodia Mallee and Chenopod Mallee, were
identified using cluster analyses in PRIMER Version 6.1.6 (PRIMER-E 2006).
A subset of the habitat assessment variables were chosen for the classification of
seral stages (Table 4.2). These variables were thought to typify Mallee vegetation
communities and be indicative of changes in vegetation structure with time-since-fire.
These variables were normalised in PRIMER and a resemblance matrix was formed using
Euclidean distances. Non-metric multi-dimensional scaling (MDS) was carried out on all
sites, labelled by time-since-fire. Clusters of sites were observed in the MDS ordination
and ANOSIMs were then used to test for differences between these groups. Pairwise
comparisons between sites of differing time-since-fire contributed to establishing each
seral stage. An R statistic (R), which represents the absolute measure of differences
between two or more groups in high-dimensional space was used to place sites into
appropriate seral stages. If R > 0.3, then the fire ages were assumed to belong to different
seral stages and if R < 0.2 then the fire ages were assumed to belong to the same seral
stage. SIMPER analyses were then undertaken in order to discover which habitat
variables were contributing to a fire year’s structure being similar (and the percentage
contribution) and alternatively, what habitat variables were contributing to fire ages not
being similar in structure.
Four seral stages were identified in Triodia Mallee (Table 4.3) and Chenopod
Mallee (Table 4.4). In Triodia Mallee, seral stage one (TM1: Figure 4.1a) was 0 – 1
years since fire and was characterised by increased extent of bare ground and proportion
of trees coppicing and decreased canopy height and cover. Seral stage two (TM2: Figure
4.1b) was 2 – 10 years since fire and was similar to TM1, but also had an increased
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number of stems. Seral stage three (TM3: Figure 4.1c) was 19 – 50 years since fire and
was characterised by increased cover of litter and Triodia scariosa and increased canopy
height and amount of bark. Finally, seral stage four (TM4: Figure 4.1d) was > 50 years
since fire and was characterised by a decrease in the number of stems and had increased
proportion of stems with hollows.

b)

a)

0 - 1 yr

c)

9 yrs

d)

22 yrs

77 yrs

Figure 4.1 Photographs showing examples of vegetation structures present in each
Triodia Mallee seral stage a) TM1; b) TM2; c) TM3; and d) TM4.

In Chenopod Mallee, seral stage one (CM1: Figure 4.2a) was 0-1 years since fire
and was characterised by increased extent of bare ground and proportion of trees
coppicing. Seral stage two (CM2: Figure 4.2b) was 2 – 10 years since fire and was
characterised by an increased number of stems. Seral stage three (CM3: Figure 4.2c) was
20 – 65 years since fire and was characterised by increased cover of cryptogamic crust
and litter and a decrease in structural complexity and number of stems. Finally, seral
stage four (CM4: Figure 4.2d) was > 65 years since fire and was characterised by

75

Chapter Four: Fire and reptile richness
decreased cover of litter and a decrease in floristic species richness and a notable increase
in the proportion of stems with hollows. Due to the small number of sites sampled in
seral stage one (CM1; n=2; Table 4.4) and seral stage two (CM2; n=4; Table 4.4),
assemblage comparisons were only possible between CM3 and CM4.

a)

b)

0 – 1yr

c)

10 yrs

d)

40 yrs

80 yrs

Figure 4.2 Photographs showing examples of vegetation structures present in each
Chenopod Mallee seral stage a) CM1; b) CM2; c) CM3; and d) CM4
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Table 4.2 The subset of habitat variables used in cluster analyses for seral stage
classification within Triodia Mallee and Chenopod Mallee communities

Variable name
Flora species richness

Description
Total number of identified woody perennial plant species
(and Lomandra spp)

Triodia scariosa cover

Number of hits of Triodia scariosa <0.5m high along the 50
m transect divided by 50 (maximum possible number of hits)

Average diameter of Triodia scariosa

Average diameter of Triodia scariosa plants (clumps and
rings) measured in the 50 x 4m transect

Bare ground cover

Number of hits of bare ground along the 50 m transect
divided by 50 (maximum possible number of hits)
Proportion of all trees measured at a site that were coppicing

Proportion coppicing trees
Structural complexity index

Total number of ‘vertical hits’ for entire 50m transect divided
by 1300 (maximum possible number of hits for all height
classes combined)

Average bark index

Average bark index is an ordinal measure across trees, where:
(1) no hanging bark (>30cm in length); (2) hanging bark
present <50% stem surface area; (3) hanging bark present
>50% stem surface area

Number of stems per hectare

Average number stems per tree multiplied by number of trees
per hectare. Number stems per tree= number of stems (dead
and live) per tree, averaged across the number of trees
recorded. Calculated for the 50 x 4 m transect. Number trees
per hectare = Total number of trees recorded in the 50 x 4m
transect multiplied by 50.

Maximum litter depth (cm)

Maximum litter depth (cm) recorded along the 50m transect

Proportion of hits >2m

Number of ‘hits’ >2m, divided by 200 (maximum possible
number of hits within the >2m height class)

Canopy height (m)

Canopy height (m) estimated at each site (excluding
emergent trees)

Proportion of stems with hollows

Proportion of all stems recorded in the 50 x 4m transect that
had a hollow of any type (basal or canopy)
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Table 4.3 The number of reptile sampling sites within each seral stage in Triodia Mallee
vegetation
Seral stage
TM1
TM2
TM3
TM4

Time-since-fire Number of sites
(years)
0-1
11
2-11
43
19-50
92
>50
39
Total

185

Table 4.4 The number of reptile sampling sites within each seral stage in Chenopod
Mallee vegetation
Seral stage
CM1
CM2
CM3
CM4

Time-since-fire Number of sites
(years)
0-1
2
2-10
4
20-65
46
>65
17
Total

69

Reptile survey sites
Survey sites were located in 28 fire-induced mosaics in the eucalypt-dominated
mallee region of south-eastern Australia (see Figure 2.1, Chapter 2). Each mosaic
consisted of a circle of radius 2km (area= 12.56km2). The mosaics were chosen based on
two main emergent properties: the extent of ‘old’ mallee (old mallee was defined as >35
yrs since fire) within the mosaic (ranging from 0-100%) and the composition or the range
of fire age classes (from 1-7) within the mosaic (see Chapter 2 for more details).
Each mosaic included 10 survey sites. Each site comprised a line of 10 pitfall
traps (20 L plastic buckets buried flush with the ground) spaced at 5 m intervals,
connected by a 50 m drift fence (n = 280 pitfall lines). A short length of PVC pipe and a
piece of white sheet were placed into each pitfall trap to shield animals from weather
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extremes. The placement of the pitfall sites was determined by the number and extent of
each fire age class within each mosaic. All sites were placed at least 100m from fire
boundaries, at least 25m from access roads and were at least 200m apart.

Data collection
Pitfall trapping was carried out for five consecutive nights in spring and in
summer during 2006/07 and 2007/08, resulting in 56,000 trap-nights. Trap lines were
checked once daily. Reptiles were identified to species-level with the aid of field guides
(Cogger 2000; Swan and Watharow 2005), marked with a dot of nail polish or white-out
and released at the point of capture. The ‘spring’ surveys extended from October to early
December, whilst the ‘summer’ surveys were conducted from January to late March. In
November, 2006 a fire forced the closure of traps within three landscapes at Gluepot
Reserve, South Australia. As a consequence, the affected landscapes were re-sampled in
October 2007.

Statistical analyses
The response variables for this analysis included total species richness and the richness of
a number of sub-groups based their shelter preferences. Common species richness only
included species captured at greater than 10% of sites. Shelter preference was split into
three categories: soil-dwellers, Triodia-dwellers and litter-dwellers (Table 4.5). The
classification of each species into one of three shelter preference categories was aided by
information from field guides (Cogger 2000; Swan and Watharow 2005), personal field
observations and from expert opinion (Peter Robertson, pers. comm.; Appendix 5).
Abundance data were not included in the analyses of these data as they were highly
correlated with the species richness response variable (Pearson correlation between
species richness and Shannon’s diversity index was >0.8 in all cases).
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Table 4.5 The response variables used in models determining the influence of time-sincefire upon reptile communities in tree mallee vegetation.
Response variable
Total species richness
Common species richness
Soil-dwelling species richness
Triodia-dwelling species richness
Litter-dwelling species richness

Description
All species captured during the study (55 species)
Species present in at least 10% of sites
Species known to shelter in soil or burrows
Species directly dependent upon Triodia scariosa
for shelter
Species known to use fine or coarse ground debris
(e.g. litter, logs, bark) for shelter

We used regression modelling to analyse how time-since-fire influenced reptile
richness. Reptile survey sites were sampled repeatedly over time, resulting in nonindependent error structure in the data. Further, exploratory analysis (using scatterplots)
indicated that our data set contained non-linear relationships. Thus, we used Generalized
Additive Mixed Models (GAMMs) with a Poisson distribution of errors (Wood 2006) to
investigate the response of reptiles to time-since-fire. This flexible form of regression can
model non-linear relationships (Wood 2006). ‘Mosaic’ was entered into each model as a
random effect, accounting for the non-independent error structure in the data (Zuur et al.
2009) with all other predictor variables entered as fixed effects. To account for any
differences in time-since-fire responses between vegetation types, we used ‘variable
coefficient’ GAMMs which produce different smoothed terms for each vegetation type
(Wood 2006; Zuur et al. 2009).
The proportion of deviance explained by each GAMM was calculated in order to
assess the explanatory power of the models (Elith et al. 2008) and sevenfold crossvalidations were used to assess the stability and predictive accuracy of the GAMMs
(Pearce and Ferrier 2000). This process involved randomly dividing landscapes into
seven groups (‘folds’), fitting a GAMM to data from six folds, then using it to predict to
data from the seventh fold. This process continued until all sites had predictions obtained
from models built using independent data. The mean correlations between observed and
predicted values across the seven folds, and associated standard errors, were used to
evaluate the predictive accuracy of models. A model with a mean correlation value of >
0.6 was considered a good predictor.
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Generalised additive mixed modelling and cross validation were undertaken using
the package mgcv v.1.5-4 (Wood 2009) and using source scripts (Elith et al. 2008) in R
v.2.9.2 (Ihaka and Gentleman 1996; R Development Core Team 2008).
Differences in the composition of reptile communities in each seral stage were
analysed using Primer version 6.1.6 (PRIMER-E 2006). Prior to analyses, all reptile
response group abundance data were square-root transformed. Abundance data were
calculated for each response group as the overall number of captures (excluding
recaptures) of species within the response group throughout the 20 nights trapping at each
site. The square-root transformation reduces the influence in the data set of highly
abundant species so that similarities depend on both the abundant species and the less
common or ‘mid-range’ species (Clarke and Warwick 2001). As our reptile data
contained a number of highly abundant species, but also many ‘mid-range’ species, this
was thought to be the most appropriate transformation.
Two-way crossed analyses of similarity (ANOSIM) with replication were
conducted to establish if there were significant differences in the reptile assemblages at
sites of different seral stage. The two site factors included in the ANOSIMs were
‘locality’, categorised as either north or south of the Murray River and ‘seral stage’,
separated into four categories shown in Tables 4.3 and 4.4. Locality was added as a
factor in the ANOSIM analyses to remove some of the influence of spatial
autocorrelation upon the data. The Bray-Curtis co-efficient was used as the distance
measure in the analyses. ANOSIM produces a global R-statistic, which is a measure of
distance between groups. An R-value close to zero indicates very similar assemblages,
whereas an R-value approaching one indicates strongly distinct assemblages. If distinct
assemblages were identified between seral stages, two-way crossed similarity/distance
percentages (SIMPER) (including locality and seral stage) were calculated in order to
identify the species making the largest contributions to similarity or dissimilarity within
each seral stage and those that make the largest contributions to dissimilarity between
seral stages.
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Results
General trapping success
After 56,000 trap-nights along 280 pitfall lines across 28 landscapes throughout
the semi-arid mallee region of south-eastern Australia, we captured over 7000 individuals
from seven families representing 55 different species. The families Scincidae (24
species), Gekkonidae (10 species) and Elapidae (8 species) were well represented.
Species that were most commonly captured and most widespread were Diplodactylus
damaeus (n = 1166), Ctenophorus fordi (n = 1007) and Egernia inornata (n = 471)
(Table 4.6). Of the 55 species identified during trapping, 25 species were classified as
sheltering in burrows or soil, seven species were known to shelter within Triodia scariosa
clumps and 23 species were classified as sheltering within or under fine or coarse woody
debris (litter) or bark (Table 4.6).
Throughout the 20 nights of trapping, all mosaics experienced maximum and
minimum daily temperatures that are known to significantly influence reptile capture
rates (maximum daily temperature >25 ºC and minimum temperature >15 ºC; Appendix
6, Figure 1a and b; Spence-Bailey et al. 2010; Appendix 7). Each mosaic also
experienced at least one night of rainfall during the sampling period (Appendix 6; Figure
2) which is another weather factor that is likely to influence the capture rates of some
reptile species (Spence-Bailey et al. 2010).
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Table 4.6 Abundances of the 55 mallee reptile species captured during 20 nights trapping at each site across the study region. n
refers to the number of individuals (excluding recaptures) trapped over the 20 night trapping period. # sites refers to the number of
sites in the species’ known range in which the species had the potential to be captured, followed by the number of sites at which the
species was captured in parentheses
Family

Species name

Common name

n

# sites

Shelter preference

Agamidae

Amphibolurus nobbi coggeri

Nobbi dragon

359

280(153)

Litter-bark

Ctenophorus pictus

Painted dragon

129

280(61)

Burrow-soil

Ctenophorus fordi

Mallee dragon

1007

280(174)

Triodia

Pogona vitticeps

Central bearded dragon

192

280(138)

Litter-bark

Brachyurophis australis

Coral snake

192

280(107)

Burrow-soil

Demansia psammophis

Yellow-faced whip snake

4

280(4)

Litter-bark

Echiopsis curta

Bardick

1

280(1)

Litter-bark

Parasuta nigriceps

Mitchell’s short tailed snake

71

280(51)

Burrow-soil

Pseudonaja modesta

Ringed brown snake

36

140(24)

Litter-bark

Pseudonaja nuchalis

Western brown snake

6

280(6)

Litter-bark

Suta suta

Curl snake

2

280(2)

Burrow-soil

Vermicella annulata

Bandy Bandy

22

280(19)

Burrow-soil

Diplodactylus damaeus

Beaded gecko

1166

280(227)

Burrow-soil

Diplodactylus steindachneri

Box patterned gecko

1

140(1)

Burrow-soil

Diplodactylus vittatus

Wood gecko

236

280(108)

Litter-bark

Gehyra variegata

Tree dtella

69

280(40)

Litter-bark

Heteronotia binoei

Bynoe’s gecko

12

280(7)

Litter-bark

Nephrurus levis

Smooth knob-tailed gecko

43

140(28)

Burrow-soil

Elapidae

Gekkonidae
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Pygopodidae

Scincidae

Oedura marmorata

Marbled velvet gecko

1

140(1)

Litter-bark

Rhynchoedura ornata

Beaked gecko

81

280(37)

Burrow-soil

Stophurus elderi

Jewelled gecko

14

140(10)

Triodia

Strophurus spp.

Spiny-tailed gecko

195

280(113)

Litter-bark

Aprasia inaurita

Pink-nosed worm lizard

17

280(14)

Burrow-soil

Delma australis

Southern legless lizard

124

280(71)

Litter-bark

Delma butleri

Butler’s legless lizard

69

280(52)

Triodia

Lialis burtonis

Burton’s snake lizard

67

280(51)

Litter-bark

Pygopus lepidopodus

Common scaly-foot

23

280(20)

Litter-bark

Pygopus schraderi

Eastern hooded scaly-foot

2

140(2)

Burrow-soil

Cryptoblepharus pannosus

Carnaby’s Wall skink

13

280(8)

Litter-bark

Cryptoblepharus spp.

Cryptoblepharus spp.

5

280(5)

Litter-bark

Ctenotus atlas

Southern Mallee Ctenotus

310

140(84)

Triodia

Ctenotus brachyonyx

Murray striped skink

275

280(134)

Triodia

Ctenotus taeniatus

Brooks’s striped skink

74

140(27)

Burrow-soil

Ctenotus orientalis

Eastern striped skink

32

280(20)

Burrow-soil

Ctenotus regius

Regal striped skink

343

280(128)

Burrow-soil

Ctenotus schomburgkii

Barred wedge-snout Ctenotus

247

140(76)

Burrow-soil

Cyclodomorphus melanops

Spinifex slender blue-tongue

6

140(6)

Triodia

Egernia inornata

Desert skink

471

280(131)

Burrow-soil

Egernia striolata

Tree skink

3

280(2)

Litter-bark

Eremiascincus fasciolatus

Narrow-banded sandswimmer

2

140(2)

Burrow-soil

Eremiascincus richardsonii

Broad-banded sandswimmer

5

140(5)

Burrow-soil
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Typhlopidae

Varanidae

Hemiergis millewae

Millewa skink

1

280(1)

Triodia

Lerista aericeps

Lerista aericeps

23

140(9)

Burrow-soil

Lerista bougainvillii

Bougainville’s skink

140

140(71)

Burrow-soil

Lerista labialis

Lerista labialis

97

140(21)

Burrow-soil

Lerista muelleri

Mueller’s Skink

18

280(16)

Litter-bark

Lerista punctatovittata

Spotted burrowing skink

466

280(192)

Burrow-soil

Menetia greyii

Grey’s skink

264

280(137)

Litter-bark

Morethia boulengeri

Boulenger’s skink

63

280(50)

Litter-bark

Morethia obscura

Obscure skink

113

280(60)

Litter-bark

Tiliqua occipitalis

Western blue-tongued lizard

7

280(7)

Litter-bark

Tiliqua rugosa aspera

Stumpy-tailed lizard

22

280(19)

Litter-bark

Ramphotyphlops bicolour

Dark-spined blind snake

43

280(37)

Burrow-soil

Ramphotyphlops bituberculatus

Prong-snouted blind snake

64

280(42)

Burrow-soil

Varanus gouldii

Sand goanna

51

280(44)

Burrow-soil
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Reptile response to time-since-fire
Time-since-fire accounted for very little of the deviance (4-13%) in most of our
measures of reptile species richness at a site (Table 4.7, Figure 4.3). However, the species
richness of common species and Triodia-dwelling species did exhibit significant post-fire
responses in Triodia Mallee vegetation (Table 4.7). In both instances, richness peaked at
approximately 30 years since fire (Figure 4.3b and 4.3d), then rapidly declined for
Triodia species and plateaued for common species. The richness of soil-dwelling species
exhibited a linear decline with time-since-fire in Chenopod Mallee only (Table 4.7,
Figure 4.3c). In contrast, litter-dwelling species exhibited a significant post-fire response
in both vegetation types, with a linear increase of richness in Triodia Mallee (Figure
4.3e). However, in Chenopod Mallee, there was a non-linear trend, where richness
increased over the first 40 years post-fire, then declined from 40-70 years post-fire and
then increased rapidly >70 years post-fire (Figure 4.3e). This non-linear trend is most
likely an artefact of the small number of samples used in the oldest age classes (Table
4.1).
The low mean cross-validation correlations (<0.3) for all these response variables
indicated the poor predictive capacity of the models (Table 4.8).
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Table 4.7 Results of GAMMs describing the relationship between reptile species richness
and time-since-fire (n = 254). Details of the smoothed terms (Wood 2006) for timesince-fire for Triodia Mallee (TM, n = 185) sites and Chenopod Mallee (CM, n = 69)
sites are shown for each response variable.
Smoothed
terms for time-sincefire
dfa
F
P
2.116
2.505
0.081
1.000
0.116
0.733

Richness
response variable
All species

Vegetation
Type
TM
CM

Common species

TM
CM

2.720
1.000

2.987
2.046

0.003**
0.154

Soil-dwellers

TM
CM

1.000
1.000

0.238
4.396

0.626
0.037*

Triodia-dwellers

TM
CM

3.722
1.000

5.114
2.677

<0.001**
0.103

Litter-dwellers

TM
CM

1.000
3.492

10.016
4.407

0.002**
0.003**

a

degrees of freedom (Harrison and Tamaschke 1984)
* p<0.05
** p≤0.01

Table 4.8 Measures used to evaluate GAMMs describing the relationship between reptile
richness and time-since-fire. D² represents the proportion deviance explained by the full
model. Mean cross-validation correlations ± S.E. are also presented.
Richness response group

D²

Mean C-V correlation

All species

0.04

0.086 ± 0.002

Common species

0.10

0.259 ± 0.012

Soil-dwellers

0.05

0.113 ± 0.024

Triodia-dwellers

0.13

0.273 ± 0.010

Litter-dwellers

0.12

0.257 ± 0.025
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Figure 4.3 Predicted post-fire changes across a 110 year time frame for: (a) total species
richness; (b) common species richness; (c) soil-dwelling species richness; (d) Triodiadwelling species richness and; (e) litter-dwelling species richness. Predicted trends ± S.E.
are shown for Triodia Mallee (black lines) and Chenopod Mallee (dotted lines).
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Changes in community composition with time-since-fire in Chenopod mallee and Triodia
mallee
There was little evidence of major changes in the composition of reptile
assemblages between the Chenopod Mallee seral stages CM3 and CM4 (R=0.045; Table
4.9; Figure 4.5). In contrast, in Triodia Mallee, pairwise ANOSIM results revealed
differences in reptile assemblages between TM1 and TM3, TM1 and TM4 and TM2 and
TM4 (R>0.3; Table 4.9; Figure 4.4).
Table 4.9 Pairwise results of 2-way crossed ANOSIM analyses with replication testing
for differences in reptile community composition in different seral stages
Seral stages

R-statistic

TM1, TM2

0.300

TM1, TM3

0.467

TM1, TM4

0.679

TM2, TM3

0.217

TM2, TM4

0.376

TM3, TM4

0.172

CM3, CM4

0.045

Table 4.10 Captures of soil-dwelling, Triodia-dwelling and litter-dwelling reptiles per
site in each of the four Triodia Mallee seral stages (TM1= 0-1 years since fire; TM2=2-10
years since fire; TM3=19-50 years since fire; TM4= >50 years since fire). n is the number
of sites sampled within a seral stage.
Shelter pref.

Soil or burrow

Species name

Common name

TM1

TM2

TM3

TM4

n=11

n=43

n=92

n=39

Aprasia inaurita

Pink-nosed worm lizard

0.00

0.07

0.08

0.08

Brachyurophis australis

Coral snake

0.36

0.65

0.95

0.64

Ctenphorus pictus

Painted dragon

0.81

1.58

0.16

0.13

Ctenotus taeniatus

Brooks’s striped skink

0.00

0.05

0.15

0.00

Ctenotus orientalis

Eastern striped skink

0.00

0.33

0.02

0.00

Ctenotus regius

Regal striped skink

0.09

2.51

1.03

0.82

Ctenotus schomburgkii

Barred wedge-snout Ctenotus

1.55

0.42

0.96

1.00

Diplodactylus damaeus

Beaded gecko

5.64

8.56

3.12

3.54
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Triodia scariosa

Litter or bark

Diplodactylus steindachneri

Box patterned gecko

0.00

0.00

0.01

0.00

Egernia inornata

Desert skink

2.91

3.35

2.71

0.21

Eremiascincus fasciolatus

Narrow-banded sandswimmer

0.00

0.02

0.01

0.00

Eremiascincus richardsonii

Broad-banded sandswimmer

0.00

0.00

0.02

0.03

Lerista aericeps

Lerista aericeps

0.00

0.40

0.05

0.03

Lerista bougainvillii

Bougainville’s skink

0.00

0.53

0.28

0.79

Lerista labialis

Lerista labialis

0.00

0.40

0.22

0.41

Lerista punctatovittata

Spotted burrowing skink

1.36

1.28

1.74

1.59

Nephrurus levis

Smooth knob-tailed gecko

0.00

0.12

0.27

0.13

Parasuta nigriceps

Mitchell’s short tailed snake

0.00

0.14

0.20

0.36

Pygopus schraderi

Eastern hooded scaly-foot

0.00

0.00

0.00

0.03

Ramphotyphlops bicolour

Dark-spined blind snake

0.36

0.05

0.18

0.23

Ramphotyphlops bituberculatus

Prong-snouted blind snake

0.00

0.09

0.30

0.41

Rhynchoedura ornata

Beaked gecko

0.82

0.23

0.29

0.03

Suta suta

Curl snake

0.00

0.00

0.01

0.00

Varanus gouldii

Sand goanna

0.00

0.28

0.22

0.13

Vermicella annulata

Bandy Bandy

0.00

0.05

0.07

0.10

TOTAL

SOIL-DWELLING CAPTURES

13.90

21.09

13.05

10.67

Ctenophorus fordi

Mallee dragon

0.36

4.00

5.83

2.21

Ctenotus atlas

Southern Mallee Ctenotus

0.55

0.86

2.27

1.28

Ctenotus brachyonyx

Murray striped skink

0.00

0.86

1.76

1.13

Cyclodomorphus melanops

Spinifex slender blue-tongue

0.00

0.00

0.05

0.03

Delma butleri

Butler’s legless lizard

0.00

0.23

0.52

0.10

Hemiergis millewae

Millewa skink

0.00

0.00

0.01

0.00

Stophurus elderi

Jewelled gecko

0.00

0.23

0.04

0.00

TOTAL

TRIOIDA-DWELLING CAPTURES

0.90

6.19

10.49

4.74

Amphibolurus nobbi coggeri

Nobbi dragon

0.27

1.05

1.64

1.23

Cryptoblepharus pannosus

Carnaby’s Wall skink

0.00

0.00

0.00

0.05

Cryptoblepharus spp.

Cryptoblepharus spp.

0.00

0.00

0.00

0.05

Delma australis

Southern legless lizard

0.00

0.07

0.53

0.33

Demansia psammophis

Yellow-faced whip snake

0.00

0.05

0.01

0.03

Diplodactylus vittatus

Wood gecko

0.09

0.60

0.75

1.00

Echiopsis curta

Bardick

0.00

0.00

0.01

0.00

Egernia striolata

Tree skink

0.00

0.00

0.00

0.00

Gehyra variegata

Tree dtella

0.00

0.07

0.07

0.38

Heteronotia binoei

Bynoe’s gecko

0.09

0.00

0.01

0.03

Lerista muelleri

Mueller’s Skink

0.00

0.02

0.11

0.03
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Lialis burtonis

Burton’s snake lizard

0.09

0.19

0.41

0.31

Menetia greyii

Grey’s skink

1.00

0.65

1.13

0.46

Morethia boulengeri

Boulenger’s skink

0.00

0.07

0.03

0.33

Morethia obscura

Obscure skink

0.55

0.23

0.57

0.15

Oedura marmorata

Marbled velvet gecko

0.00

0.00

0.00

0.00

Pogona vitticeps

Central bearded dragon

0.64

0.65

0.79

0.69

Pseudonaja modesta

Ringed brown snake

0.09

0.21

0.15

0.21

Pseudonaja nuchalis

Western brown snake

0.00

0.05

0.02

0.05

Pygopus lepidopodus

Common scaly-foot

0.18

0.07

0.17

0.03

Strophurus spp.

Spiny-tailed gecko

0.09

0.53

0.57

1.10

Tiliqua occipitalis

Western blue-tongued lizard

0.00

0.02

0.05

0.00

Tiliqua rugosa aspera

Stumpy-tailed lizard

0.00

0.02

0.02

0.05

TOTAL

LITTER-DWELLING CAPTURES

3.09

4.58

6.93

6.77

ALL SPECIES CAPTURES

17.91

31.86

30.48

22.18

2D Stress: 0.26

seral stage
TM1
TM2
TM3
TM4

Figure 4.4 MDS ordination diagram, showing variation in reptile assemblage structure
between the four seral stages (TM1-TM4) identified in Triodia Mallee vegetation

91

Chapter Four: Fire and reptile richness

Figure 4.5 MDS ordination diagram, showing variation in reptile assemblage structure
between two seral stages (CM3 and CM4) identified in Chenopod Mallee vegetation
25

Captures per site

20

15

10

5

0
TM1

TM2

TM3

TM4

Seral stage

Figure 4.6 Captures per site of soil-dwelling species (black bars); Triodia-dwelling
species (white bars); and litter-dwelling species (grey bars) in each Triodia Mallee seral
stage (TM1-TM4).
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These pairwise differences in reptile assemblage composition were reflected in
the captures of each shelter preference subgroup per site in each seral stage (Figure 4.6).
In seral stages TM1 and TM2, captures of soil-dwelling species predominated and then
declined in seral stages TM3 and TM4. There was a peak in captures per site of Triodiadwellers at TM3, after which captures of this subgroup declined. Captures of litterdwellers were relatively low in TM1 but increased in TM2 and plateaued in TM3 and
TM4. The patterns of abundance of Triodia-dwellers and litter-dwellers were strikingly
similar to the patterns of species richness with time-since-fire shown in Figure 4.3.
Many species were present in seral stage TM3 (49 of a possible 55). There was a
peak in total species richness in seral stage TM3 as a result of soil-dwelling and Triodiadwelling species richness peaking in this stage (Table 4.10). All seven Triodia-dwelling
species were present at sites in TM3, whilst 24 out of a possible 25 soil-dwelling species
were also present at this stage. In addition, several key endangered species were found in
this seral stage. Captures of Cyclodomorphus melanops, Rhychoedura ornata and Delma
australis were maximised in TM3 compared to other seral stages (Table 4.10) and the
only captures of Echiposis curta (n=1) and Hemiergis millewae (n=1) were within this
seral stage (TM3). Litter-dwelling species richness was low (richness=10) in TM1, but
increased to 19 species by seral stage TM4 (Table 4.10). The litter-dwelling species from
the genus Cryptoblepharus appear to be late seral stage (TM4) specialists (Table 4.10).
No other species appear to specialise in one seral stage.
Ctenophorus fordi, Diplodactylus damaeus and Ctenotus atlas made the largest
contributions to dissimilarity between sites located within TM1 and sites located within
TM3 and between sites located within TM1 and sites located within TM4 (Tables 4.11
and 4.12). The soil-dwelling Diplodactylus damaeus was more abundant at sites in the
early seral stage (TM1, 0-1 years since fire). In contrast, the Triodia-dwelling
Ctenophorus fordi, Ctenotus atlas and Ctenotus brachyonyx predominated in the later
seral stages (TM3 and TM4, > 19 years since fire; Tables 4.11 and 4.12).
Diplodactylus damaeus, Ctenophorus fordi and Ctenotus regius made the largest
contributions to dissimilarity between sites located within TM2 and sites located within
TM4 (Table 4.13). These species were more abundant in the TM2 seral stage, whilst
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litter-dwelling species such as Amphibolurus nobbi coggeri and Diplodactylus vittatus
appeared to favour the late seral stage (TM4) (Table 4.13).

Table 4.11 Results of 2-way crossed SIMPER analyses showing those species that made
the largest contributions to dissimilarity of reptile assemblages between sites within seral
stages TM1 and TM3. Shelter subgroup T= Triodia-dweller, S=soil-dweller and L=litterdweller.

Species name
Ctenophorus fordi
Diplodactylus damaeus
Ctenotus atlas
Egernia inornata
Ctenotus brachyonyx
Ctenotus schomburgkii
Lerista punctatovittata
Menetia greyii

Shelter
subgroup
T
S
T
S
T
S
S
L

TM1
Average
abundance
0.36
2.30
0.49
1.40
0.00
1.01
0.90
0.70

TM3
Average
abundance
2.06
1.36
1.02
1.27
1.09
0.50
1.14
0.75

Table 4.12 Results of 2-way crossed SIMPER analyses showing those species that made
the largest contributions to dissimilarity of reptile assemblages between sites within seral
stages TM1 and TM4. Shelter subgroup T= Triodia-dweller, S=soil-dweller and L=litterdweller.

Species name
Diplodactylus damaeus
Ctenophorus fordi
Ctenotus atlas
Egernia inornata
Lerista punctatovittata
Ctenotus schomburgkii
Ctenotus brachyonyx
Menetia greyii
Rhynchoedura ornata

Shelter
subgroup
S
T
T
S
S
S
T
L
S

TM1
Average
abundance
2.30
0.36
0.49
1.40
0.90
1.01
0.00
0.70
0.66

TM4
Average
abundance
1.60
1.05
0.57
0.20
0.99
0.49
0.83
0.39
0.03
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Table 4.13 Results of 2-way crossed SIMPER analyses showing those species that made
the largest contributions to dissimilarity of reptile assemblages between sites within seral
stages TM2 and TM4. Shelter subgroup T= Triodia-dweller, S=soil-dweller and L=litterdweller.

Species name
Diplodactylus damaeus
Ctenophorus fordi
Ctenotus regius
Egernia inornata
Ctenophorus pictus
Ctenotus brachyonyx
Lerista punctatovittata
Amphibolurus nobbi coggeri
Diplodactylus vittatus

Shelter
subgroup
S
T
S
S
S
T
S
L
L

TM2
Average
abundance
2.70
1.65
1.30
1.45
0.87
0.60
0.84
0.73
0.37

TM4
Average
abundance
1.60
1.05
0.57
0.20
0.12
0.83
0.99
0.87
0.72

Discussion
Time-since-fire responses
The total species richness of the mallee reptile community did not change
profoundly with time-since-fire in our examination of a century-long chronosequence of
sites. Although this is the first study to examine a chronosequence of such length, it too
was limited by the availability of sites belonging to the older seral stages. The absence of
an effect of fire on reptile species richness is a common finding of many studies on
reptiles and fire (Caughley 1985; Bamford 1995; Schlesinger et al. 1997; Wilgers and
Horne 2006; Lindenmayer et al. 2008; Masterson et al. 2008). If the aim of fire
managers is to maximise biodiversity, such a finding could lead to a simplistic conclusion
that reptiles are resilient to fire. The differing responses of shelter preference subgroups
of mallee reptiles, however, highlight the inadequacy of a reliance upon just a ‘total
richness’ measure when drawing conclusions regarding reptile responses to time-sincefire. The different subgroup responses indicate that although total species richness does
not alter with time-since-fire, the suite of species present does.
‘Common reptile richness’ may be a more informative means of analysing
changes in the reptile community, as it only included species that were captured often
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enough to be reliably modelled. In Triodia Mallee, the richness of common species
peaked at approximately 30 years post-fire. This result reflects the well-known and
overwhelming importance of Triodia scariosa, an important habitat element thought to
provide protection from the elements, shelter from predators and a rich supply of insects
for mallee reptiles (Pianka 1969a; Cogger 1974; Pianka and Pianka 1976; Pianka 1981;
Cogger 2000; Swan and Watharow 2005). Triodia cover is at its greatest in Triodia
Mallee vegetation at approximately 30-35 years post-fire (Haslem et al. 2010a; Appendix
4), which corresponds with the age at which this species begins to senesce (Bradstock and
Gill 1993). Therefore, sites of approximately 30 years of age may offer the greatest
potential habitat for this subgroup. The null response of common species richness to
time-since-fire in Chenopod Mallee probably reflects the fact that there are less obvious
changes in the vegetation structure of Chenopod Mallee with time-since-fire.
Generally the richness of shelter preference subgroups with time-since-fire
showed a pattern linked to the recovery of habitat elements that were important for the
subgroups (Haslem et al. 2010a; Appendix 4). However, soil-dwelling species richness
decreased with time-since-fire in Chenopod Mallee vegetation, despite the fact that the
substrate in which they dwell is not flammable and therefore not directly affected by a
fire. Also, as burrowing or fossorial species do not rely upon flammable vegetation
structures in which to shelter, they may be quite resilient to the long-term effects of fire
(Friend 1993; Friend 2004). The decline in the variety of soil-dwelling species at a site
with increasing time-since-fire is likely due to a decrease in the availability of ‘open
ground’ in which to forage. Some members of this subgroup are known to use open
ground for foraging (Swan and Watharow 2005). As time-since-fire increases, the
availability of this ‘open’ habitat decreases as litter and canopy cover develop (Haslem et
al. 2010a; Appendix 4).
Triodia-dwelling species richness peaked at approximately 30 years since fire
within Triodia Mallee vegetation. Species in this group are known to spend most of their
lives in or around Triodia (Pianka 1969a; Pianka 1969b; Cogger 1974; Pianka and Pianka
1976; Wilson and Swan 2003; Swan and Watharow 2005). A peak in the richness of this
subgroup at approximately 30 years since fire corresponded with a peak in both Triodia
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cover (approximately 30 years since fire) and followed a peak in mid-storey (‘shrub’)
cover (approximately 20 years since fire) (Haslem et al. 2010a; Appendix 4).
Litter-dwelling species richness steadily increased throughout the post-fire
chronosequence in both vegetation types, showing a slight peak in richness at
approximately 40 to 50 years since fire in Chenopod Mallee. The species in this group
are known to use habitat such as logs, litter, ground debris and bark for shelter/foraging
purposes (Pianka and Pianka 1976; Kitchener et al. 1988; Henle 1989a; Wilson and Swan
2003; Swan and Watharow 2005). These habitat elements are known to accumulate
throughout the post-fire chronosequence in Triodia and Chenopod Mallee vegetation
(Haslem et al. 2010a; Appendix 4), with a plateau of habitat attributes such as canopy
cover and litter cover occurring at approximately 30 years after fire (Haslem et al. 2010a;
Appendix 4).
Whilst the shelter preference subgroups did show predictable time-since-fire
responses linked to their habitat requirements, the explanatory and predictive capacity of
the models was poor (the best models were of the Triodia-dwelling species subgroup
which had a deviance explained of 13% and mean cross validation correlation of 0.259).
This would suggest that the richness of the shelter preference groups was not solely
driven by time-since-fire. The shelter preference subgroups that were identified in this
study were useful, however, in highlighting subgroups of reptiles that may potentially be
sensitive to fire. For example, the subgroups that were most influenced by time-since-fire
were Triodia-dwelling species and litter-dwelling species; those species shown to be
reliant upon flammable habitat for shelter. These subgroups of reptiles are potentially the
most vulnerable to inappropriate fire regimes in the mallee. Our results suggest that to
maximise Triodia-dwelling species richness, habitat that has remained unburnt for 30
years must be provided, whilst litter-dwelling species richness will be enhanced in areas
that remain unburnt for as long as possible, since richness continues to increase as timesince-fire increases. Identifying these potentially vulnerable habitat user subgroups may
simplify fire management as the needs of multiple species with similar requirements may
be considered together. The identification of these subgroups also provides a means of
more thoroughly examining the fire responses of the mallee reptile community.
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We acknowledge that these results must be considered with some caution as the
responses of the shelter preference groups may have varied depending upon the way in
which the reptiles were classified. Despite our greatest efforts at classifying the reptiles
as accurately as possible (utilizing expert opinion), some may have been placed into
inappropriate categories due to the scant amount of published information on many of the
species.

Changes in reptile assemblage composition with time-since-fire stage (seral stage)
The habitat accommodation model of post-fire succession postulates that faunal
community composition changes along a predictable continuum based on the recovery of
important vegetation (habitat) structures after fire (Fox 1982; Caughley 1985). The
results of our community composition analyses are consistent with the habitat
accommodation model. In Triodia Mallee, soil-dwellers predominated in the early seral
stages (0-11 years since fire) and remained abundant in the older seral stages. In contrast,
the abundance of Triodia-dwellers showed a peak at 19-50 years since fire and the
abundance of litter-dwellers plateaued in the later seral stages (19-50 and >50 years since
fire). Despite the fact that Caughley (1985) used a markedly shorter chronosequence (260 years since fire) than our study, our findings are supportive of her model for reptile
succession.
Importantly, our findings highlight the significance of 19-50 year-old Triodia
Mallee habitat for the conservation of mallee reptiles. Total species richness and the
richness of both soil-dwellers and Triodia-dwellers peaked at this seral stage and most
importantly, the abundance of several endangered reptile species (Cyclodomorphus
melanops, Rhychoedura ornata, Delma australis, Echiposis curta and Hemiergis
millewae) was maximised at sites within this seral stage.
A common shortcoming of reptile fire ecology studies is that they either simply
compare recently burnt with unburnt sites (e.g. Mather 1979; Masters 1996; Ford et al.
1999; Fredericksen and Fredericksen 2002; Moseley et al. 2003) or examine relatively
short chronosequences or arbitrary ‘seral stages’ that do not represent a quantified
continuum of vegetation structural change (e.g. Caughley 1985; Bamford 1995;
Schlesinger et al. 1997; Letnic et al. 2004). This can lead to incorrect conclusions
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regarding the fire response of reptiles as the extent of temporal understanding in these
studies may be inadequate. For example, our findings are in contrast to another study on
mallee reptile composition and fire which found that the habitat accommodation model of
succession developed for mallee reptiles correctly predicted the responses of only three of
16 common mallee reptile species (Driscoll and Hendersen 2008). This contrast in
findings was likely due to differences in the breadth of time frame considered. Our study
was conducted over a century-long chronosequence and considered changes in the
abundance of shelter preference subgroups of reptiles across a quantified continuum of
vegetation change (seral stage). Driscoll and Hendersen (2008) utilised a much shorter
chronosequence (3-39 years since fire) and simply tested Caughley’s model for reptile
succession on ‘recently burnt’ (3-7 years since fire) versus ‘long-unburnt’ (>18 years
since fire) sites, without quantifying the extent of structural or floristic differences
between their two categories of sites.
For example, based on our time-since-fire response data, if we were to consider a
chronosequence of 3-18 years since fire (as in Driscoll and Henderson 2008), we would
erroneously conclude that sites >18 year old were favourable for Triodia-dwelling
species and that maintaining this fire age will enhance litter-dwelling species richness,
when in fact this was not the case. Our data show that the post-fire responses of reptile
subgroups were still exhibiting changes at >30 years since fire (Triodia-dwellers) and
>100 years since fire (litter-dwellers). This highlights the limitations of using short
chronosequences to draw conclusions regarding the fire responses of reptile species
throughout a clearly longer successional process.
Despite our assemblage data showing a pattern that was consistent with the
habitat accommodation model, demonstrating a causal link between vegetation status and
the abundance of reptiles requires experiments that involve the deliberate manipulation
(burning, removal or clipping) of habitat (e.g. Fox et al. 2003; Monamy and Fox 2010).
The other principle feature of the habitat accommodation model, i.e. the competitive
success of late-successional colonists over early successional species (Fox 1982;
Monamy and Fox 2010), would also need to be tested through species removal
experiments (e.g. Fox and Pople 1984; Thompson and Fox 1993).
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Interspecific competition in mallee reptile communities seems unlikely as
previous studies highlight the fact that arid/semi-arid reptile species are able to
successfully avoid competition by ecologically segregating on the basis of activity time
(Pianka 1969b), body size/mass (Henle 1989b), microhabitat/habitat selection (Henle
1989b) and diet (prey size/type) (Pianka and Pianka 1976; Henle 1989a). However,
factors other than vegetation structure (e.g. varying influence of grazing or predation) that
were not directly measured during the study may have influenced reptile community
structure.
Based on personal observations (tracks and scats) throughout the reptile trapping
periods, both foxes (Vulpes vulpes) and cats (Felis catus) inhabit the mosaics in which we
were sampling. Reptiles are recognized as a prominent component in the diets of cats
and, to a lesser extent, in the diets of foxes (Paltridge et al. 1997; Read and Bowen 2001;
Paltridge 2002). Therefore, differences in the abundance of these predators (i.e.
predation pressure) at each study site may influence the abundance and diversity of the
reptile community at that site.
Historical grazing pressure may also influence mallee reptile communities. As
grazing acts to alter important vegetation structures (Cohn and Bradstock 2000), the
composition of the fauna that rely upon these structures for shelter or foraging purposes
may also alter. We were unable to quantify historical grazing pressure at our study sites,
therefore we can make no inferences into the potential influence of long-term grazing
history upon mallee reptile communities, though we acknowledge that it is likely that
combined with fire and rainfall events, grazing may have an influence on mallee reptile
richness and composition.

Conclusions and management implications
The findings of our study highlight the importance of considering several
measures (i.e. total richness, subgroup richness and composition) of reptile community
change with time-since-fire. If land managers were to utilize diversity or species richness
as their standard measure of ‘ecosystem health’ (DSE 2006; Thompson and Starzomski
2007; DSE 2008), there is a risk that the true sensitivities of a system to disturbances like
fire might be missed. If total reptile richness was the only response variable considered
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in this time-since-fire study, managers may inaccurately conclude that fire was not a
major driver of reptile species richness. The richness of some shelter preference
subgroups of reptiles showed predictable, but weak responses to time-since-fire (Triodiadwelling and litter-dwelling species). This indicates that these groups may be the most
susceptible to inappropriate fire regimes and highlights the utility of using a functional
group approach to fire management.
Our assemblage results suggest that in order to maximise reptile species richness
and abundances, fire management should be focussed on the creation or maintenance of
Triodia Mallee vegetation that has not been burned for 19-50 years since fire and the
protection of long-unburnt vegetation habitat (>50 years since fire).
Most importantly, the post-fire responses of reptile subgroups were still exhibiting
changes at >30 years since fire (Triodia-dwellers) and >100 years since fire (litterdwellers), highlighting the importance of gaining an understanding of post-fire responses
across appropriate temporal scales.
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Chapter Five: Identifying fire-sensitive habitat attributes
required by reptiles
Abstract
Fire managers need reliable surrogates for broad groups of fauna when monitoring
the impact of their fire management actions. Habitat attributes are sometimes advocated
as potentially useful surrogates. The use of such surrogates is based on the key
assumption that we understand the habitat requirements of the species of interest.
Knowledge of the specific habitat requirements of reptiles is poor. In order to identify
some potentially useful habitat surrogates for reptile richness in the mallee, we examined
the strength of association between a variety of different habitat attributes and the species
richness of reptiles in a semi-arid region. We surveyed reptiles using pitfall traps in
spring and summer of 2006/07 and 2007/08 at sites (n=280) with differing habitat
attributes (due to differing fire histories) throughout the Murray Mallee region of southeastern Australia. We used mixed-effect regression models to identify associations
between habitat attributes and reptile species richness. In this study, expert opinion
proved to be an adequate basis for classifying reptiles into key functional groupings based
on their shelter preferences. The richness of mallee reptiles was more influenced by the
extent of key structural attributes of habitat elements than plant species richness at a site.
Close to 50% of reptile species detected were associated with habitat attributes that were
sensitive to fire. The richness of Triodia-dwelling species was increased with increasing
Triodia and shrub cover and the richness of litter-dwelling species was enhanced by
increased cover of logs/ha, litter and canopy vegetation at a site. The richness of soildwelling species was only influenced by changes in the latitude of the site. The
importance of the structural attributes of plants in maintaining reptile diversity that our
study revealed, suggests that determining ecologically desirable inter-fire intervals based
solely on ensuring the continued presence of certain plant species may not cater for the
needs of reptiles.
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Introduction
Land managers operating within an “adaptive management framework” (sensu
Walters and Holling 1990) need to be able to monitor the consequences of their fire
management actions upon biodiversity. Although much work has been done monitoring
the impact of fire on flora, consideration of the needs of fauna has received far less
attention (Clarke 2008). This is in part because broad-scale fauna surveys are time
consuming and expensive (e.g. Garden et al. 2007a). Consequently, many managers are
searching for surrogates or indicators that can be used to estimate the impact of their fire
management actions on broad groups of fauna. Ideally, they seek habitat attributes which
they can both measure and manage, and which, if they maintain them, will maximise the
likelihood that the fauna of interest will persist in the landscape (e.g. Noss 1999;
Andelman and Fagan 2000; McElhinny et al. 2006; MacHunter et al. 2009). Such
approaches are built on the often unsubstantiated assumption that we understand both the
habitat requirements of species and which of those habitat elements are sensitive to fire.
In Australia, some state-wide policies for ecological burning are based around the
vital attributes (sensu Noble and Slatyer 1980) of Key Fire Response Species (KFRS)
(DSE 2006; DEH 2009; DECCW 2010). These surrogates are almost always plant
species. These are species of plant thought to be most vulnerable to extreme fire regimes
such as too frequent fire or too infrequent fire (Wouters 2004). Once all the KFRS are
identified for a particular vegetation type, the maximum and minimum tolerable fire
intervals needed to maintain the community are determined (Tolhurst and Friend 2001;
Wouters 2004). A major shortcoming of the approach is that, to date, since all KFRS are
plants, managers are forced to assume that the needs of fauna will be catered for if fire is
managed to meet the needs of these few plants (Clarke 2008). Another key shortcoming
of the ‘vital attributes’ approach is that it assumes that the simple presence of key plant
species will cater for the needs of fauna. This is despite the fact that some studies suggest
that it is the amount (cover) of shelter or foraging habitat offered by certain habitat
elements or plant species that are more important for fauna (e.g. Fox 1982; Caughley
1985).
The idea that the presence of certain plant species will cater for the needs of
faunal species richness may originate from another long-held ecological assumption that
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increasing diversity of plant species will enhance the richness of higher trophic levels (the
diversity-trophic structure hypothesis (Hutchinson 1959). This hypothesis predicts that a
more diverse range of resources should support a greater range of consumers (Siemann et
al. 1998). Studies suggest that diverse plant communities are associated with the
maintenance of rich faunal communities (Siemann et al. 1998; Knops et al. 1999; Haddad
et al. 2001). However, there is also much evidence to the contrary, with studies of bats
(Ulrich et al. 2007), mammals (Hawkins and Pausas 2004) and reptiles (Provencher et al.
2003); all showing no correlation between plant species richness and animal species
richness.
Due to the dearth of empirical data on the habitat requirements of species, expert
opinion is increasingly being used as the basis for management policies (MacHunter et al.
2009; Kuhnert et al. 2010). Expert opinion has been integrated into studies to
complement observational data (James et al. 2010), to quantify the impacts of grazing
upon birds (Kuhnert et al. 2005; Martin et al. 2005), to assess vegetation condition (Low
Choy et al. 2009), to identify ecosystem attributes that form the basis of natural
variability benchmarks for biodiversity (Oliver et al. 2007), to identify environmental
variables that influence the occurrence of avian guilds (MacNally et al. 2008) and to
predict the distribution of species (e.g. Murray et al. 2009). In addition, some
frameworks for integrating fauna into fire management planning (e.g. MacHunter et al.
2009) rely heavily on expert botanists and zoologists to identify habitat parameters that
are believed to be critical habitat components for fauna, identify fauna associated with
each vegetation class and estimate how the relative abundance of fauna will change in
each vegetation class growth stage after fire. This approach is seen as a cost-effective
means of predicting the effect of various management strategies on biodiversity (Martin
et al. 2005; MacHunter et al. 2009) and may simplify management by facilitating the
simultaneous management of multiple species (functional groups) that share similar
responses to changes in habitat parameters caused by disturbance (Keith et al. 2002a;
Keith et al. 2002b; MacNally et al. 2008). However, the adequacy of this approach has
rarely been tested.
A functional or life-history approach to assessing flora and faunal responses to
disturbance, rather than (or in combination with) a species-by-species approach has been
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widely advocated (Doldec et al. 2006; Barbaro and van Halder 2009; Moretti et al. 2009;
Moretti and Legg 2009; Vandewalle et al. 2010). For example, the response of insect and
plant functional traits to burnt habitats showed parallel trends, with warmth-demanding
insects, herbivores, flying carnivores and pollinators associated with recently burnt areas,
as were annual, ruderal and light-demanding plants with long flowering duration (Moretti
and Legg 2009).
Due to differences in the post-fire development of key habitat elements, species
with different habitat requirements may respond differently to current fire management
strategies. For example, groups with strong preferences for habitat attributes that appear
early or late in successional stages (e.g. open ground or litter cover) may be more firesensitive and at risk of decline. This highlights the importance of linking post-fire trends
in habitat resource development with knowledge of the ecological requirements of fauna.
Reptiles are known to respond strongly to changes in the availability of firesensitive vegetation structures such as litter cover/density (Taylor and Fox 2001; Singh et
al. 2002), bare ground cover (Caughley 1985; Kutt and Woinarski 2007), dead vegetation
(James and M'Closkey 2003), logs (Driscoll and Hendersen 2008), canopy cover (Taylor
and Fox 2001) and ground layer or understorey vegetation complexity and density
(Brown 2001; Kutt and Woinarski 2007). In addition, many studies highlight the
importance of structural changes in vegetation in driving changes in reptile assemblage
composition (Caughley 1985; Schlesinger et al. 1997; Letnic et al. 2004; Garden et al.
2007b).
The primary aim of this study was to evaluate the efficacy of an expert opinionbased framework for identifying fire-sensitive habitat attributes that were required by
reptiles (Figure 5.1). To achieve this goal, three subsidiary aims were addressed: 1) to
assess the capacity of expert opinion to identify key habitat elements associated with
reptile diversity at a site; 2) to use a region-wide empirical data set to identify the habitat
attributes that are associated with the richness of reptile species and the richness of
shelter preference subgroups of reptile species; and 3) and, in the light of our
understanding of which of those variables are sensitive to fire, identify groups of reptiles
for which fire management is likely to be more or less important.
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Figure 5.1 Flowchart illustrating the expert opinion framework tested in this chapter.
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Methods
Study area
The study area encompassed 100,000km2 of the eucalypt-dominated ‘mallee’
vegetation, covering parts of Victoria, New South Wales and South Australia (See Figure
2.1, Chapter 2). Mallee vegetation is typically characterised by short, shrubby eucalypts
with multiple stems arising separately from a subterranean lignotuber (Hill 1989). The
semi-arid mallee region of Australia is characterised by shallow, nutrient deficient soils,
Mediterranean type climates (high summer temperatures and mild winters) and median
annual rainfalls of between 200-500mm, falling predominately in winter (Hill 1990;
Parsons 1994).

Reptile survey sites
Survey sites were located in 28 fire-induced landscape mosaics in the eucalyptdominated mallee region of south-eastern Australia (See Figure 2.1, Chapter 2). Each
mosaic consisted of a circle of radius 2km (area= 12.56km2). The mosaics were chosen
based on two main emergent properties: the extent of ‘old’ mallee (old mallee was
defined as >35 yrs since fire) within the mosaic (ranging from 0-100%) and the
composition or the range of fire age classes (from 1-7) within the mosaic (see Chapter 2
for more details).
Each landscape included 10 survey sites, each site comprised a line of 10 pitfall
traps (20 L plastic buckets buried flush with the ground) spaced at 5 m intervals,
connected by a 50 m drift fence (n = 280 pitfall lines). A short length of PVC pipe and a
piece of white sheet were placed in each pitfall trap to shield animals from weather
extremes. The placement of the pitfall sites was determined by the number and extent of
each fire age-class within each landscape mosaic. All sites were placed at least 100m
from fire boundaries, at least 25m from access roads and were at least 200m apart.

Data collection
Pitfall trapping was carried out for five consecutive nights in spring and in
summer during 2006/07 and 2007/08, resulting in 56,000 trap-nights. Trap lines were
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checked once daily. Reptiles were identified to species-level with the aid of field guides
(Cogger 2000; Swan and Watharow 2005), marked with a dot of nail polish or white-out
and released at the point of capture. The ‘spring’ surveys extended from October to early
December, whilst the ‘summer’ surveys were conducted from January to late March. In
November, 2006 a fire forced the closure of traps within three landscapes at Gluepot
Reserve, South Australia. As a consequence, the affected landscapes were re-sampled in
October 2007.

Habitat assessments
All vegetation data were collected between July and December, 2007 at 280 sites
across the study region. Details of the data collected and the methods employed are
provided in Chapter 2 (General Methods).

Statistical analyses
The same set of response variables were utilized for both the time-since-fire
(Chapter 4) and habitat analyses. These variables included total species richness and a
number of sub-groups based on their distribution, shelter preference or taxonomy (Table
5.1). The variable “common species richness” only included species captured at greater
than 10% of sites. Species were also split into three categories on the basis of purported
shelter preferences: soil-dwellers, Triodia-dwellers and litter-dwellers (Table 5.1). The
classification of each species into one of the three shelter preference categories was based
upon information in field guides (Cogger 2000; Swan and Watharow 2005), personal
field observations and expert opinion (Peter Robertson, pers. comm.; Appendix 5).
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Table 5.1 The response variables used in models determining the influence of time-sincefire and habitat attributes upon the richness of reptile communities in tree mallee
vegetation.
Response variable
Total species richness
Common species richness
Soil-dwelling species richness
Triodia-dwelling species richness
Litter-dwelling species richness

Description
All species captured during the study (55 species)
Species present in at least 10% of sites
Species known to shelter in soil or burrows
Species directly dependent upon Triodia scariosa
for shelter
Species known to use fine or coarse ground debris
(e.g. litter, logs, bark) for shelter

We used Generalised Linear Mixed Models (GLMMs) to examine how different
habitat attributes influenced reptile species richness at the site scale (Wood 2006; Zuur et
al. 2009). This technique is similar to Generalised Additive Mixed Models (GAMMs), as
it also takes into account the non-independent error structure in our data by incorporating
a random effect (i.e. landscape). However, GLMMs assume a linear relationship between
the response and explanatory variables. This assumption was tested for using univariate
GAMMs of response (Table 5.1) and explanatory variables (Table 5.2). In the instances
where the relationships were not linear, the explanatory variables were transformed (e.g.
log linear, quadratic transformations) to satisfy the assumption. The eight explanatory
variables used in the analyses were hypothesised by our expert advisor, Mr. Peter
Robertson, to represent some important foraging and shelter habitats of mallee reptiles
(Table 5.2). There were strong correlations (Table 5.3) between canopy cover, litter
cover and open ground cover. A Principle Components Analysis was performed on these
habitat variables in order to produce one variable that encapsulated the variability in these
aspects of the habitat at a site. This new variable (PCA1) accounted for 84 % of variation
in the original data and represented an index of increasing canopy and litter cover and
decreasing open ground cover (Table 5.3). Models of all possible subsets of the eight
explanatory variables were generated using GLMMs with the reptile richness variables
(Table 5.1) as the response variables.
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Table 5.2 Habitat explanatory variables used in GLMMs analyses.
Variable
Northing

Description
The latitude of the site

Abbreviation
north

Flora species richness

Total number of identified woody
perennial plant species (and Lomandra
spp) per site

flora

Triodia scariosa cover

Number of hits of Triodia scariosa
<0.5m high at 1 m intervals along the 50
m transect

Triodia

Soil type

A categorical measure indicating the
degree of sandiness of the soil where: (1)
clay (clayey sand, sandy clay, silty clay);
(2) loam (loamy sand, sandy loam, silty
loam); (3) sand

soil

Shrub cover

number of vertical hits of plant matter
(dead or alive) 0.5-2m high (excluding
Triodia scariosa) at 1 m intervals along
the 50 m transect

shrubs

Canopy, leaf litter and open
ground cover

A combined variable representing
increasing extent of; (1) canopy cover
(number of vertical hits of plant matter
(dead or alive) >2m high along the 50 m
transect; (2) leaf litter cover (number of
hits of leaf litter along the 50 m transect
and; (3) decreasing extent of open ground
cover (number of hits of cryptogamic
crust and bare ground at 1 m intervals
along the 50 m transect)

PCA1

Bark foraging substrate

Mean live stem dbh (cm) x number of
bark
stems/ha x average bark index. Average
bark index is an ordinal measure across
trees, where: (1) no hanging bark (>30cm
in length); (2) hanging bark present
<50% stem surface area; (3) hanging bark
present >50% stem surface area

Logs

Density of logs >10 cm in diameter/>50
cm in length (amount/ha) per site

logs
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Table 5.3 Pearson R correlation and significance values for highly correlated habitat
variables used in the PCA (n = 280).
Habitat variables

Pearson R correlation

P-value

canopy and litter cover

0.67

<0.001

open ground and litter cover

-0.92

<0.001

open ground and canopy cover

-0.66

<0.001

Akaike’s Information Criterion (AIC) was used to compare and rank the
alternative models with log-likelihood as the goodness of fit measure (Burnham and
Anderson 2001; Burnham and Anderson 2002). The AIC approach allows both the best
model in the set to be identified and allows the rest of the models to be ranked (Burnham
and Anderson 2001). AIC ranks models according to the strength of evidence in favour
of each based on their fit to the data (Richards 2005), the sample size and the number of
parameters in the model (Burnham and Anderson 2002). The smaller the AIC value, the
better the model is at approximating reality (Burnham and Anderson 2002).
In order to rank the alternative models, differences in AIC values (∆i ; difference
between a model’s AIC value and that of the ‘best’ model) were calculated. Models with
a ∆i ≤ 2 are considered to have substantial support, those where ∆i is 4≤ ∆i ≤ 7 have less
support and those with ∆i > 10 have basically no support (Burnham and Anderson 2001;
Burnham and Anderson 2002).
Akaike weights (wi ) were calculated in order to evaluate the level of uncertainty
in identifying the best model. Akaike weights represent the weight of evidence in favour
of a model being the best model in the set and should sum to 1.0 for the model set. If the
wi of the ‘best’ model is <0.9, then some model selection uncertainty exists. Summing wi
to a value of 0.95 indicates how many models are required to be 95% sure that the ‘best’
model is within the set (Burnham and Anderson 2002).
In the absence of a ‘best’ model (wi < 0.9), model averaging was conducted to
determine the relative importance of each of the explanatory variables. The method
incorporates all models in the set and generates weighted coefficient estimates and
standard errors for each explanatory variable based on Akaike weights (Burnham and
Anderson 2002). In addition, wi values were summed for all models containing a
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particular explanatory variable. The closer the sum of these weights is to 1, the more
influential the variable (Burnham and Anderson 2002).
The proportion of deviance explained by the best ranked models (according to
AIC values) was calculated in order to assess the explanatory power of the models (Zuur
et al. 2009).
Generalised linear mixed modelling, model averaging and the calculation of
deviance explained values were performed using the glmmML package (Brostrom 2009)
in R v.2.9.2 (Ihaka and Gentleman 1996; R Development Core Team 2008).

Results
General trapping success
After 56,000 trap-nights spent at 280 pitfall lines across 28 landscapes throughout
the semi-arid mallee region of south-eastern Australia, we captured over 7000 individuals
from seven families representing 55 different species. Please refer to Table 4.6 in
Chapter 4 for information about individual species captures and classification.

Model selection
Results of GLMMs revealed that despite many of the models accounting for
substantial proportions of the deviance in the response variables (9-50 %; Table 5.4),
none of the models for any of the response variables was clearly better than any other
model considered in their respective set of models (i.e. Akaike weights (wi) were well
below 0.9 for all models; maximum was 0.12 for Triodia-dwelling species richness). In
addition, the proportion of total models in the 95% confidence set for each response
variable ranged from 10-42 % (average 30%). Due to the high degree of model selection
uncertainty, model averaging was undertaken in order to identify the relative importance
of particular explanatory variables in accounting for the variance in each response
variable.

Importance of individual explanatory variables
Model averaging results suggest that total species richness was enhanced by an
increase in northing, flora species richness and Triodia scariosa cover (Table 5.5). These
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habitat variables are included in the ‘best’ model (ranked using AIC values, Table 5.4)
for total species richness and explained 27% of the variation in this response variable.
When the rarer species of reptile (those present in <10% of sites, i.e. common
species richness) were removed from the total species richness data set, reptile species
richness was no longer associated with increased floral species richness and northing was
no longer a significant variable in model averaging results (Table 5.5). Triodia scariosa
cover was the only habitat variable shown to have a significant influence on common
species richness, having a positive association with common species richness.
The richness of soil-dwelling species appeared to be enhanced at sites further
north in the study region and by a decrease in PCA1 (i.e. increased open ground cover
and decreased litter and canopy cover) (Table 5.5). Northing and PCA1 account for 14%
of the variation in soil-dwelling species richness (Table 5.4).
Model averaging results suggest that Triodia-dwelling species richness may be
enhanced at sites further north, with increased Triodia scariosa cover (Figure 5.2) and
shrub cover (Table 5.5). The ‘best’ ranked model using AIC values (Table 5.4) includes
northing, Triodia cover, shrub cover and PCA1 and explains 49% of variation in Triodiadwelling species richness. The negative coefficient value for PCA1 means that the
richness of this group may be enhanced by an increase in open ground cover and a
decrease in canopy and litter cover.
In contrast, northing, Triodia cover and shrub cover were relatively unimportant
habitat variables for litter-dwelling species (Table 5.5). Litter-dwelling species richness
was associated with increasing PCA1, which suggests that this group may prefer sites
with increased canopy and litter cover and decreased open ground coverage (Figure 5.2).
Model averaging results suggest that the richness of this group may also be enhanced by
an increase in the number of logs/ha (Table 5.5; Figure 5.2).
Soil type and bark foraging substrate were relatively unimportant habitat elements
for all richness response variables. Relatively large standard errors for parameter
estimates and very low sums of Akaike weights suggest that soil and bark were not likely
to be included in the best model for any of the richness response variables (Table 5.5).
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Table 5.4 Model selection results for reptile species richness measures using GLMMs
Included are the number of parameters in the models (K), AIC values, AIC differences (∆i), Akaike weights
(wi) and deviance explained (Dev). Models are ranked in descending order based on AICc differences.
Only models with AICc differences ≤2 are shown (or the 5 best models where the number of models with
AICc differences ≤2 exceeds 10). Explanatory variables were: north, northing; flora, flora species richness;
triodia, triodia cover; soil, soil type; shrubs, shrub cover; PCA1, a gradient of increasing canopy, leaf litter
and decreasing open ground cover; PCA1^2, PCA1 squared; bark, bark foraging substrate; logs, density of
logs/ha. Explanatory variables in parentheses had a negative association with the response variable
according to model averaging. Those not in parentheses had a positive association with the response
variable.
Response Group
Total species Richness

Common species richness

Soil- dwelling species richness

Triodia- dwelling species richness

Litter- dwelling species richness

Model
north + flora + triodia
north + flora + triodia + shrubs
north + flora + triodia + logs
north + flora + triodia + shrubs + logs
north + flora + triodia + (PCA1^2)
north + triodia + shrubs
north + flora + triodia
north + flora + triodia + shrubs
north + triodia
north + triodia + shrubs + logs
north + flora + (PCA1)
north + flora + triodia + (PCA1)
north + (PCA1)
north + flora
north + flora + shrubs + (PCA1)
north + shrubs + (PCA1)
north
north + flora + (PCA1) + (logs)
north + flora + soil + (PCA1)
north + flora + (PCA1) + (bark)
north + triodia + shrubs + (PCA1)
north + triodia + shrubs + (PCA1) +
(logs)
north + triodia + shrubs + (PCA1) +
(bark)
north + triodia + soil + shrubs +
(PCA1)
north + triodia + shrubs + (PCA1) +
(bark) + (logs)
north + triodia + soil + shrubs +
(PCA1) + (logs)
north + triodia + soil + shrubs +
(PCA1) + (bark)
north + flora + triodia + shrubs +
(PCA1)
flora + triodia + PCA1 + logs
flora + triodia + (shrubs) + PCA1 +
logs
triodia + PCA1 + logs
north + flora + triodia + PCA1 + logs
PCA1 + logs
flora + triodia + PCA1 + bark + logs
flora + triodia + (soil) + PCA1 + logs

K
4
5
5
6
5
4
4
5
3
5
4
5
3
3
5
4
2
5
5
5
5
6

AIC
182.52
182.75
182.79
182.81
183.04
172.20
172.60
172.77
172.82
173.00
159.21
159.73
159.76
160.37
160.58
160.72
161.00
161.08
161.15
161.20
188.09
188.34

∆i
0.00
0.23
0.28
0.30
0.52
0.00
0.40
0.57
0.62
0.80
0.00
0.53
0.55
1.16
1.37
1.51
1.79
1.86
1.94
1.99
0.00
0.25

wi
0.05
0.05
0.04
0.04
0.04
0.02
0.02
0.02
0.02
0.02
0.05
0.04
0.04
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.12
0.11

Dev
0.27
0.27
0.27
0.28
0.27
0.22
0.21
0.22
0.20
0.22
0.15
0.16
0.14
0.13
0.15
0.14
0.12
0.15
0.15
0.15
0.49
0.50

6

188.52

0.43

0.10

0.50

6

189.09

1.00

0.07

0.50

7

189.29

1.20

0.07

0.50

7

189.48

1.39

0.06

0.50

7

189.72

1.63

0.05

0.50

6

190.05

1.96

0.05

0.49

5
6

237.72
238.14

0.00
0.41

0.06
0.05

0.11
0.12

4
6
3
6
6

238.86
238.97
239.14
239.53
239.66

1.14
1.25
1.41
1.81
1.94

0.03
0.03
0.03
0.02
0.02

0.10
0.11
0.09
0.11
0.11

121

Chapter Five: Habitat attributes required by reptiles

Table 5.5 Model averaging results for reptile species richness and subgroups of
species richness. Sums of Akaike weights (wi) are included for each variable. The most
influential variables (wi >0.500) are highlighted in bold. Variables for which the 95%
confidence interval does not include zero are marked with an asterix.
Response variable
Total richness

Common species richness

Soil-dwelling species richness

Triodia-dwelling species richness

Litter-dwelling species richness

Variable
north*
flora*
log(triodia+1)*
soil
log(shrubs+1)
PCA1
PCA1^2
bark
logs
north
flora
log(triodia+1)*
soil
log(shrubs+1)
PCA1
PCA1^2
bark
logs
north*
flora
log(triodia+1)
soil
shrubs
PCA1
bark
logs
north*
flora
log(triodia+1)*
soil
log(shrubs+1)*
PCA1*
bark
logs
north
flora
triodia
soil
shrubs
PCA1
bark
logs*

Coefficient
0.07
0.04
0.12
-0.00006
0.01
-0.004
-0.007
-0.002
0.01
0.03
0.01
0.12
-0.007
0.02
-0.008
-0.004
-0.003
0.008
0.12
0.03
0.01
0.0007
0.008
-0.03
-0.004
-0.002
0.16
0.004
0.56
0.02
0.16
-0.13
-0.04
-0.03
0.01
0.04
0.04
-0.0004
-0.01
0.06
0.009
0.10

Standard error
0.02
0.02
0.02
0.01
0.02
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.02
0.03
0.03
0.02
0.02
0.02
0.03
0.02
0.02
0.05
0.03
0.06
0.04
0.06
0.06
0.05
0.05
0.03
0.04
0.04
0.02
0.03
0.04
0.03
0.03

Sums of wi
0.972
0.854
0.999
0.272
0.475
0.312
0.403
0.278
0.481
0.622
0.452
0.999
0.364
0.477
0.372
0.327
0.292
0.371
0.995
0.605
0.365
0.274
0.332
0.628
0.307
0.278
0.979
0.280
1.000
0.366
0.969
0.902
0.454
0.441
0.335
0.571
0.645
0.275
0.368
0.739
0.334
0.972
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All mallee reptiles

Soildwellers

1. Expert opinion
postulates key
common habitat
attributes for mallee
reptiles

Litterdwellers

Triodiadwellers

Canopy cover
Shrub cover

Soil type

Triodia cover

Open ground
cover

Litter cover
Logs (#/ha)
Bark score

Time-since-fire

Time-since-fire

Soil-dwelling
species richness
will not be
influenced by fireinduced changes in
habitat attributes

Triodia cover
should act as a
good surrogate of
Triodia-dwelling
species richness

Log density, litter cover and
canopy cover should act as
good surrogates of litterdwelling species richness

?

?

?

Litter cover

Time-since-fire

Bark- no
Logs- yes
Canopy cover- yes
Litter cover- yes
Shrub cover- no

Density logs

5. Testing of reptile subgroup and
habitat attribute model predictions
in field experiments

Soil type- no response

Triodia cover

4. Predictions based on quantitative
evidence

Triodia yes

Open ground cover- no

Open ground

3. Identify whether the habitat
attributes that are good predictors
in step 2 are fire sensitive and how
(Haslem et al. submitted; Appendix
4)

Soil type- no

Canopy cover

2. Empirically test whether refined
set of habitat attributes are good
predictors of species
occurrence/species richness etc

Time-since-fire

Time-since-fire

Figure 5.2 Flowchart illustrating the expert opinion framework tested in this chapter. Boxes in yellow highlight areas where real data
has been utilized (step number 2: data from the present chapter and step number 3: data from Haslem et al. 2010; Appendix 4)
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Discussion
Very often, empirical data regarding the habitat requirements of fauna are scarce,
vague or simply unpublished (Parr and Chown 2003; Clarke 2008). Fire management
agencies are under increasing pressure to burn for the protection of life, property and
ecosystem integrity (Dellasala et al. 2004; Clarke 2008; Driscoll et al. 2010). In the
absence of empirical data on faunal habitat requirements, agencies must either assume
that the management of plant communities will result in a favourable outcome for fauna
(e.g. Kenny et al. 2004) or consult experts in the field to inform them of the proposed
habitat requirements, and hence fire sensitivity, of fauna (e.g. Martin et al. 2005; Oliver
et al. 2007; MacHunter et al. 2009; Murray et al. 2009).
In this study, the use of an expert opinion framework to classify reptiles into key
functional groupings, based on their shelter preferences, proved to be a fruitful means of
predicting the richness of those functional groups at a site, based upon the abundance of
key habitat attributes at a site. Therefore, our findings support the use of expert opinion to
guide the identification of key habitat elements and habitat management, as advocated by
MacHunter et al. (2009).
With the use of knowledge from one expert, we were able to identify key
functional groupings of reptiles, predict those habitat attributes that were likely to
influence those groupings and empirically determine if those habitat attributes were good
predictors of the richness of the subgroups. We acknowledge that the use of a greater
selection of experts may have achieved a higher level of precision in this study, as more
contributions would have enabled the generation of a measure of uncertainty (MacHunter
et al. 2009). Despite this, we believe that the study has highlighted the utility of an
expert opinion framework in identifying species or groups of species that will be sensitive
to alterations in habitat resources caused by fire management actions. It has also
highlighted the importance of the use of empirical data when making predictions
regarding the influence of habitat manipulation.
The richness of mallee reptiles was more influenced by the extent of key
structural attributes than plant species richness at a site. Although the species richness of
woody perennial plants at a site was a good predictor of total reptile species richness, it
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was a less influential predictor of total reptile richness than both northing and the cover of
Triodia scariosa and did not explain variation in any of the other reptile richness
response variables. This result was to be expected as plant structure has been found to be
more important in influencing reptile richness and assemblage composition than plant
diversity (Caughley 1985; Schlesinger et al. 1997; Brown 2001; Letnic et al. 2004;
Garden et al. 2007a). The lack of influence of plant species richness is in contrast to the
long-held hypothesis that increased plant diversity will enhance fauna diversity
(Hutchinson 1959). Hutchinson’s hypothesis predicts that a greater variety of plants
(resources) will support a greater diversity of consumers. This hypothesis is widely
supported by studies that illustrate the positive influence of plant species richness upon
invertebrate species richness (Dean and Milton 1995; Siemann et al. 1998; Knops et al.
1999; Haddad et al. 2001). In contrast to other studies, key mallee macroinvertebrate
groups including termites, scorpions and centipedes did not show a relationship with
plant species richness (Sarah Avitabile, unpublished data). In addition, as many mallee
reptiles are known to be generalist invertebrate predators (Cogger 2000; Swan and
Watharow 2005), fluctuations in insect species richness (caused by fluctuation on plant
species richness) are unlikely to result in fluctuations in reptile species richness. If the
richness of the whole suite of invertebrate groups that were important for reptile food
resources were considered in the study (e.g. richness of cockroaches, moths, ants, beetles)
it is possible that there may have been a relationship with plant richness.
The positive influence of Triodia cover on total common and Triodia-dwelling
reptile species richness reflects the overwhelming importance of Triodia as a key habitat
element thought to provide protection from the climatic extremes, shelter from predators
and a rich supply of insects as food for mallee reptiles (Pianka 1969b; Cogger 1974;
Pianka and Pianka 1976; Pianka 1981; Cogger 2000; Swan and Watharow 2005).
Triodia is highly flammable (Bradstock and Gill 1993). Haslem et al. (2010; Appendix 4)
has demonstrated that it is sensitive to fire, with greater than 50 % of variation in Triodia
cover being explained by time-since-fire. This sensitivity to fire, combined with the fact
that Triodia cover doesn’t peak until approximately 30 years post-fire (Haslem et al.
2010; Appendix 4), means that those groups reliant on Triodia for habitat may be very
sensitive to fire.
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As Triodia scariosa appears to be a key plant species for reptiles, managers may
be keen to ensure its continued presence in the landscape via fire management actions.
Triodia scariosa regenerates post-fire using two means: the soil stored seedbank and
more commonly, resprouting from basal meristems (Noble and Vines 1993).
Hypothetically, if we were to undertake management of Triodia scariosa using the vital
attributes approach (Noble and Slatyer 1980), the minimum tolerable fire interval could
be ascertained. Given this plant can resprout from basal meristems immediately following
fire and is capable of producing seed at 3-5 years post-fire (Bradstock 1989) and its seeds
are dispersed by wind and stored in the soil by ants (Bradstock and Cohn 2002), one
might conclude that the minimum tolerable fire interval for this species to persist in the
landscape may be five years or even less. The maximum tolerable fire interval could be
calculated using information such as the life span of the basal meristem and the length of
time seed remains viable in the soil seedbank. Triodia scariosa has a life span of
approximately 30-40 years (Bradstock 1989). Based on this information, the maximum
tolerable fire interval required to keep the species in the landscape could be
approximately 25-30 years. Based on such vital attributes data for Triodia scariosa,
managers might conclude that they could burn the same site every 5 years and still
maintain the presence of Triodia scariosa at the site. However, this would not
necessarily cater for the needs of reptiles as they require increasing cover of Triodia as an
essential habitat element, not the mere presence of this plant species. Our data suggest
that reptile richness increases with increasing cover of Triodia, which reaches a peak at
approximately 30 years post-fire and then decline slowly over the next four decades
(Haslem et al. 2010; Appendix 4).
Soil-dwelling species constituted approximately 50 % of all species captured in
this study. These results confirmed that burrowing or fossorial species do not rely upon
vegetation structures in which to shelter and therefore may not be sensitive to the effects
of fires (Friend 1993; Friend 2004). Instead, some species included in the soil-dwelling
subgroup are known to respond to soil characteristics such as compaction (Greenville and
Dickman 2005) or simply soil type (Henle 1989a). Interestingly, soil type did not
influence soil-dwelling species richness in our analyses. This may be because the soil
type preference of species within this subgroup differ, with some preferring harder soils
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(e.g. clay), whilst others preferred soft sandier soils (Henle 1989a). In addition, our
measure of soil type may have lacked the precision to capture the variation in soil-type
preferences of members of this subgroup.
In contrast, the remaining 50% of species captured in this study are likely to be
fire sensitive due to their association with habitat elements that are highly affected by
fire. The best predictors of Triodia-dwelling reptile species richness were Triodia and
mid-storey (shrub) cover. Species in this group are known to spend most of their lives in
or around Triodia (Pianka 1969a; Pianka 1969b; Cogger 1974; Pianka and Pianka 1976;
Wilson and Swan 2003; Swan and Watharow 2005). Whilst mid-storey vegetation cover
is not known to be highly fire sensitive (Haslem et al. 2010b; Appendix 4), Triodia cover
is highly sensitive to time-since-fire and thus, this group of reptiles may be highly
sensitive to fire management actions in the region.
Litter-dwelling reptile species richness was most strongly associated with the
amount of logs/ha at a site. However, a general preference for increasing canopy and
litter cover was also evident which reflects the shelter requirements of these species. The
species in this group are known to use habitat such as logs, litter, ground debris and bark
for shelter/foraging purposes (Pianka and Pianka 1976; Kitchener et al. 1988; Henle
1989b; Wilson and Swan 2003; Swan and Watharow 2005). These habitat elements are
known to accumulate post-fire (Haslem et al. 2010; Appendix 4), with a plateau of
canopy cover and litter cover occurring at approximately 30 years after fire (Haslem et al.
(2010b); Appendix 4). The amount of logs and litter cover are not highly sensitive to
time-since-fire (less than 10% and less than 25% of variation in these variables are
explained by time-since-fire; Haslem et al. 2010; Appendix 4). However, more than 40%
of variation in canopy cover is explained by time-since- fire. As a plateau in canopy
cover does not occur until 30 years post-fire (Haslem et al. 2010; Appendix 4), litterdwelling species may be considered sensitive to fire intervals much shorter than this
period.
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Conclusions and management implications
Importantly, the richness of mallee reptiles was more influenced by the extent of
key structural attributes than plant species richness at a site. Therefore, using a
management framework that determines ecologically desirable inter-fire intervals based
on ensuring the continued presence of certain plant species alone may not cater for the
needs of reptile fauna (Clarke 2008).
The identification of fire-sensitive habitat attributes required by reptiles is
therefore critical to their management. In the absence of empirical data regarding the
habitat requirements of many reptile species, the findings of our study support the use of
an expert opinion framework for classifying reptiles into key functional groupings based
on their shelter preferences. This framework proved to be a fruitful and rapid means of
predicting the richness of those functional groups at a site, based upon the abundance of
key habitat attributes at a site.
Combined with a clear understanding of the post-fire development of key habitat
attributes (Haslem et al. (2010); Appendix 4), the use of expert opinion is a cost-effective
means of predicting the effect of various management strategies on biodiversity (Martin
et al. 2005; MacHunter et al. 2009). It may simplify management by facilitating the
simultaneous management of multiple species (functional groups) that share similar
responses to changes in habitat parameters caused by disturbances such as fire (Keith et
al. 2002a; Keith et al. 2002b; MacNally et al. 2008).
There would need to be an ongoing commitment to the final stage of our approach
(Step 5 in Figure 5.2: experimental testing of the predictions of our models) for it to
qualify as a truly adaptive approach to management (sensu Walters and Holling 1990).
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Chapter Six: Does pyrodiversity beget reptile diversity in
the Murray mallee region of south-eastern Australia?
Abstract
A fundamental premise of many land managers is that landscapes exposed to a
greater diversity of fire-regimes equate to landscapes with greater biodiversity, when
compared with landscapes that have a more uniform fire history (i.e. ‘pyrodiversity
begets biodiversity’). Consequently, the aim of most fire management plans worldwide
is to maintain an unspecified ‘mosaic’ of patches of differing time-since-fire in a
landscape. Similarly, previous research on the response of reptiles to fire has routinely
advocated the use of fire mosaics in the management of reptiles. However, the detail of
which mosaics are desirable and which are not, has not been specified: that is, there is no
information on the quantitative or qualitative properties of a mosaic that will maximise
reptile richness and diversity. Here, we attempted to address the question: Which
properties of fire-mosaics enhance the status of reptile communities in semi-arid mallee
vegetation? We used a novel study design in which ‘whole’ landscapes of 4 km diameter
(12.6 km2) were the sampling unit, allowing landscape-level inference. Landscape
mosaics (n=28) were selected to represent a gradient in both the cover of long-unburnt
mallee and the diversity of fire age-classes. Reptiles were surveyed using pitfall traps at
10 sites in each mosaic (n = 280), for a total of ~56,000 trap-nights over two years.
Generalised Linear Modelling analyses revealed that fire-induced properties of mosaics
had little effect upon reptile species richness, diversity or composition. Most importantly,
we could find no evidence that pyrodiversity begets reptile diversity at the scale of
landscapes (12.6 km2 sampling units) or sites (0.02ha) and resolution (25m x 25m pixels)
at which we sampled. Biogeographic location of a mosaic and its associated climate had
the greatest influence over mallee reptile richness and diversity, explaining over 70% of
deviance in total reptile richness. In some instances, reptile diversity was greater in
mosaics with a greater diversity of vegetation types (but not seral stages). This was likely
due to an increase in the diversity of habitat niches available in a greater range of
different vegetation types. Community composition analyses revealed that similarities in
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mosaic reptile assemblages were driven primarily by biogeography. We could find no
evidence that creating a mosaic of patches of differing fire age within a 12.6 km2
landscape would enhance the diversity of reptiles in the Murray Mallee region.

Introduction
Fires have been shaping the world’s landscapes for millions of years (Kershaw et
al. 2002): affecting the structure, composition, distribution and abundance of plants and
animals (Gill 1981; Bradstock et al. 2002). Fire is essential to the functioning of many
ecosystems (Bradstock et al. 2002). Its occurrence in the landscape can aid in the
maintenance of biodiversity (Keith et al. 2002), mobilise nutrients, create new niches,
reorganise habitats and liberate species that were formerly suppressed (Pyne 1991).
Given the important role of fire in ecosystem structure and function,
understanding the nature of its role is essential for biodiversity conservation, and in
particular fire management (Parr and Andersen 2006). Despite the fact that fire is one of
the most convenient tools available for use in ecosystem management, its effects on fauna
are poorly understood (Friend 1993; Clarke 2008). The scarcity of ecological
understanding of the needs of fauna in relation to fire weakens current fire management
frameworks (Clarke 2008).
To date, the majority of studies of the fire ecology of fauna have been carried out
at the site or patch scale, despite the fact that most fires (either prescribed or wild) are
landscape-level disturbances. Understanding faunal responses to fire across a broader
scale may be required. Past studies have highlighted that certain species peak in their
abundances at different seral stages post-fire, sometimes resulting in different
assemblages of organisms at sites at different seral stages following a fire (e.g. Fox 1982;
Caughley 1985; Mushinsky 1992; Izhaki and Adar 1997; Woinarski et al. 1999; Chapter
4; Briani et al. 2004; Letnic et al. 2004; Haney et al. 2008). These differences are often
attributed to differences in the animals’ life history traits (shelter/foraging habitat, diet,
ability to disperse, foraging pattern) and responses to changes in the availability of
resources or competition following a fire (Fox 1982; Caughley 1985; Mushinsky 1992;
Masters 1996; Schlesinger et al. 1997; Woinarski et al. 1999; Letnic et al. 2004;
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Masterson et al. 2008). Many authors then go on to advocate the implementation of
patch mosaic burning (i.e. creation of fire mosaics) to maximise species diversity
(Braithwaite 1987; Mushinsky 1992; Masters 1996; Fuhlendorf et al. 2006; Wilgers and
Horne 2006; Engle et al. 2008).
As a consequence of the assumed importance of maintaining a variety of fire ages
within a landscape, it is widely accepted that ‘pyrodiversity begets biodiversity’
(Fuhlendorf and Engle 2004; Parr and Andersen 2006). That is, landscapes exposed to a
greater diversity of fire regimes equate to landscapes with greater biodiversity.
Consequently, the aim of most fire management plans is to maintain a visible ‘mosaic’ of
vegetation patches of differing time since fire status in a landscape (Bradstock et al.
2005). However, none of the studies that advocate the implementation of fire mosaics
present any data identifying 1) how well particular mosaics may perform in
accommodating diversity; 2) the properties of mosaics that influence diversity; or 3) any
data indicating that the animals are incapable of persisting in non-ideal seral stages
(Bradstock et al. 2005; Clarke 2008).
Reptiles are prominent taxa in the eucalypt-dominated mallee shrublands of
south-eastern Australia. Very little is known about the needs of the mallee reptile fauna
in relation to fire. All previous studies on mallee reptiles have been carried out at the site
or patch scale and were either chronosequential (time-since-fire) (Caughley 1985;
Schlesinger et al. 1997) or simply compared burnt with unburnt sites (Cheal et al. 1979;
Mather 1979; Driscoll and Hendersen 2008). The chronosequential studies found that
changes in the vegetation structure, density and the amount of leaf litter available with
time-since-fire produced clear post-fire successional trends in the relative abundances of
some reptile species. These changes in relative abundances were linked to the reptile’s
shelter and foraging preferences (Caughley 1985; Schlesinger et al. 1997). However,
Driscoll and Henderson (2008) found that the predictions of the succession models
generated by Caughley (1985) were inadequate; only accurately predicting the occurrence
of three out of sixteen common reptile species.
In studies comparing burnt and unburnt mallee, both Cheal et al. (1979) and
Mather (1979) found greater reptile species diversity and abundances/densities at burnt
sites compared to long unburnt sites. These results were attributed to the fact that
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“recently burnt” sites (19 years since fire) had larger and denser Triodia present
compared to long unburnt sites (greater than 30 years since fire), which is thought to
provide reptiles with essential microclimatic refuges from temperature and humidity
extremes (Cogger 1984).
This lack of clarity in regard to how fire influences the richness and composition
of reptile communities highlights the need for further model development to better
predict responses of reptiles to fire and assist in the design of appropriate fire mosaics for
reptile species in the region.
Current knowledge is inadequate to define the fire mosaic properties required to
conserve reptiles in the mallee. Therefore, using an innovative study design that allows
landscape-level inference, the aims of this study were 1) to test the hypothesis that
pyrodiversity begets reptile diversity in mallee vegetation; 2) to identify any properties of
fire mosaics that are associated with increases in the richness and diversity of reptile
communities in mallee vegetation; 3) identify the properties of fire mosaics that influence
the composition of reptile assemblages in a mosaic.

Methods
Fire mapping and vegetation classification
We used a space-for-time substitution approach to investigate the influence of
fire-induced mosaic properties upon reptile species richness and diversity. In order to
quantify fire-induced mosaic properties, a GIS layer depicting fire history was created for
the study area by mapping all of the fires in the study region between 1972 and 2007
from Landsat imagery, with a pixel resolution of 25 x 25m (Avitabile et al. in prep;
Appendix 1).
In order to derive key vegetation properties of mosaics, four distinct vegetation
communities were identified using hierarchical cluster analyses, based on floristic data
collected from 713 sites across the study region (Haslem et al. 2010a; Appendix 2).
Three of these communities: Triodia mallee, Chenopod mallee and Heathy mallee were
able to be mapped across the study region using Neural network classification models and
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validated using independent data collected from 496 new sites (Haslem et al. 2010a;
Appendix 2).

Study sites
Survey sites were located in 28 fire-induced landscape mosaics in the eucalyptdominated mallee region of south-eastern Australia (see Figure 2.1 in Chapter 2). Each
mosaic consisted of a circle of radius 2km (area= 12.56km2) and were at least 2 km apart.
The mosaics were stratified in relation to two properties: the extent of ‘old’ mallee (old
mallee was defined as >35 yrs since fire) within the mosaic (ranging from 0-100%) and
the number of fire age classes (from 1-7) within the mosaic (see Figure 2.3 in Chapter 2).
Reptiles were sampled at ten sites within each landscape mosaic. Each site
comprised 10 pitfall traps (20 L plastic buckets buried flush with the ground) spaced at
5m intervals, connected by a 50m drift fence (n = 280 pitfall lines). A short length (10
cm) of PVC pipe and a piece of white sheet were placed in each pitfall trap to shield
animals from weather extremes. The placement of the pitfall sites was determined by the
number and extent of each fire age class within each landscape mosaic (see Chapter 2 for
details). All sites were placed at least 100m from the boundaries of fire scars, at least
25m from access roads and were at least 200m apart. Each site was classified as either
uniformly burnt or patchily burnt. Patchily burnt sites were sites that had multiple
cohorts of Eucalypt species present within a 50m x 4 m quadrat at the site, which may
indicate a more heterogeneous (patchy) burn, whilst uniformly burnt sites had only one
cohort of Eucalypts and no evidence of other age classes, indicative of a homogenous
burn.
Pitfall trapping was carried out for five consecutive nights in spring and five
consecutive nights in summer during 2006/07 and 2007/08 at each landscape, resulting in
~56,000 trap-nights. Trap lines were checked once a day, in the early morning. Reptiles
were identified to species-level with the aid of field guides (Cogger 2000; Swan and
Watharow 2005), marked with a dot of nail polish or white-out and released at the point
of capture.
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Response variables
We used an information theoretic approach to examine the relative importance of
particular properties of fire-induced mosaics in accounting for the diversity and richness
of reptiles a mosaic contained. The response variables used in the analyses were species
richness (number of species found in a mosaic) and the species diversity per mosaic
(Shannon-Weiner diversity index) (Table 6.1). A number of subsets (outlined in Chapter
4 and 5) of richness and diversity variables based on shelter preferences (soil, Triodia and
litter dwellers) were also analysed (Table 6.1). The classification of each species into one
of three shelter preference categories was aided by information from field guides,
personal field observations and from expert opinion (Peter Robertson, pers. comm.;
Appendix 5).
All reptile richness and diversity measures were calculated using Primer Version
6.1.6 (PRIMER-E 2006). In order to explore any influence of mosaic properties upon
richness per unit area, the response variables ‘mean site richness and diversity’ (the
average richness or diversity across the 10 sites per mosaic) was also generated. In an
effort to negate the profound influence of a strong north-south biogeographical gradient
in species’ distributions upon reptile richness and diversity (found during initial phases of
the analyses) and to unmask any other potentially important mosaic properties, a
“proportion of ‘possible species’ variable” was also calculated for each corresponding
richness variable. This variable was calculated as the number of species captured in the
mosaic relative to the number of species available to be captured in the geographic region
throughout our 20 trap night surveys (i.e. 35 possible species south of the Murray River
and 51 species north of the river). Analyses were also undertaken using only data from
mosaics that were north (n=14) or south (n=14) of the Murray River, as another means of
controlling for the effect of the biogeographical gradient in species’ distributions. These
analyses did remove the effect of this gradient, but as no other mosaic explanatory
variables were found to be important using GLMs and model averaging, only the richness
and diversity measures for the whole study region are shown in the results.
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Table 6.1 The response variables used in models determining the influence of mosaic
properties upon mallee reptile richness and diversity.
Rich= species richness, Div= Shannon’s species diversity index (Magurran 1988)
Response variable

Description

All species (Rich, Div)

Includes the entire species list captured (55 species)

Common species (Rich, Div)

Includes species present in at least seven mosaics

Mean site richness and diversity

Calculated as the average reptile richness/diversity
across the 10 sites within each landscape.

Soil-dwelling species (Rich, Div)

Includes those species that are known to shelter
within soil or burrows

Triodia-dwelling species (Rich, Div)

Includes those species directly dependent upon
Triodia for shelter

Litter-dwelling species (Rich, Div)

Includes those species that are known to use fine or
coarse ground debris (litter, logs etc) for shelter

Explanatory variables
Approximately 100 candidate explanatory variables representing measures of the
extent, composition and configuration of particular landscape properties within a fireinduced mosaic were calculated in FRAGSTATS version 3.3 (McGarigal et al. 2002)
from landscape mosaic data first arranged in ArcMap version 9.2 (ESRI 2006). The
landscape mosaic variables chosen for inclusion in the final analyses represented the
properties of landscape mosaics hypothesised to influence the richness and diversity of
reptiles in the mallee (Figure 6.1). These variables represented the extent (extent of
mallee < 10 years since last burnt, extent of mallee > 35 years since last burnt, extent of
the Triodia vegetation type), composition (Shannon’s diversity index of fire patches, see
Figure 6.2, Table 6.2) and configuration (vegetation aggregation) of elements within each
mosaic (see Figure 6.3, Table 6.2). In addition, the northing co-ordinate for each mosaic
was used to represent the biogeography (northing) of the landscape. The number of fire
age classes within a mosaic was not used to represent pyrodiversity as we believe that the
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Shannon’s diversity index of fire patches (Table 6.2) was a better measure of
‘pyrodiversity’ since it takes into account both the number of different fire patches and
their extent within a mosaic (see Figure 6.2). Variables representing vegetation
composition (diversity) and fire configuration were unable to be included in the final
variable set due to prohibitively high correlations with other key variables (Quinn and
Keough 2002) and our efforts to limit the number of variables in the modelling process.
Due to the dominance of only two vegetation types (Triodia Mallee and Chenopod
Mallee) across the study mosaics, the use of a vegetation diversity index was somewhat
meaningless, hence our decision to use the extent of Triodia Mallee and the aggregation
of vegetation patches to represent variations in heterogeneity and extent of vegetation in
the mosaic. This should not affect the analyses as our measure of vegetation
configuration (see Figure 6.3) acts as a surrogate for vegetation diversity/heterogeneity
(Pearson correlation, r = 0.880, p < 0.01) and our measure of pyrodiversity is a surrogate
for fire configuration (Pearson correlation, r = 0.697, p < 0.01).
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Figure 6.1 The range of (a) pyrodiversity (Shannon’s diversity index of fire); (b) extent
of “old” (> 35 year old mallee); (c) extent of “new” (<10 year old mallee); (d) extent of
Triodia Mallee vegetation and (e) vegetation aggregation sampled in the 28 study
mosaics across the mallee region of south-eastern Australia.
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Figure 6.2 Diagram indicating what Shannon’s Diversity Index of fire represents in a
mosaic. Each colour within the circular mosaics is a different fire age class. This index
equals zero when the mosaics contains only one fire patch (mosaic 12) and increases as
the number of different fire patches increases (mosaic 24 and 11) and/or the proportion of
area among patch types becomes more similar.
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Figure 6.3 Diagram indicating what the Vegetation Aggregation Index represents in a
mosaic. The green colour within the mosaics represents Chenopod Mallee vegetation and
the cream colour represents Triodia Mallee vegetation. This variable is an index
representing the extent of aggregation of vegetation patches within a mosaic. An index of
0 indicates no aggregation (very patchy) and 100 indicates maximal aggregation into a
single compact patch (mosaic 28). The index is maximised where the mosaic has almost
one aggregated patch of vegetation, whilst it is reduced where patchiness of vegetation is
occurring.
Linear, log linear and quadratic univariate models of each explanatory variable
were created and assessed in R version 2.7.2 (Ihaka and Gentleman 1996; R Development
Core Team 2008) in order to confirm a linear relationship was present with the response
variable prior to further analyses.
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Table 6.2 The explanatory variables calculated in Fragstats version 3.3 and used in
models of species richness and diversity of mallee reptile
Predictor variable

Variable type

Description

Extent of mallee <10 years (new)

Extent

The proportion of each mosaic that has
experienced fire in the past 10 years

Extent of 35+ mallee (old)

Extent

The proportion of each mosaic that has
not experienced a fire for 35+ years

Extent of Triodia (tri)

Extent

The proportion of each mosaic that is
Triodia mallee community (Haslem et
al., 2010a; Appendix 2)

Shannon’s diversity index of fire

Composition

An index representing the diversity of

(Magurran 1988)

fire patches within a given mosaic. The

(0-no upper limit) (firediv)

index equals 0 when the mosaic only
contains one fire patch. The index

m

SHDI = ∑ (Pi ºlnPi)

increases as the number of different fire

i=1

patches increases and/or the proportion
Where Pi = proportion of the

of area among patch types becomes more

landscape occupied by patch type i

similar.

Vegetation aggregation index

Configuration

(0-100) (agg)

An index representing the extent of
aggregation of vegetation patches within
a mosaic. An index of 0 indicates no
aggregation (very patchy) and 100
indicates maximal aggregation into a
single compact patch of the same
vegetation type.

Northing (north)

Biogeographic

The north co-ordinate of each mosaic.
This was measured from the mid-point of
each mosaic.

Thirty-eight General Linear Models (GLMs) using different combinations of the
six candidate explanatory variables (Table 6.2) were generated, specifying a Gaussian
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distribution of errors, with reptile richness or diversity (or richness/diversity of subsets of
reptiles) being the response variables. The combinations were chosen to represent various
hypotheses relating to each mosaic property.
Akaike’s Information Criterion (AIC) was used to compare and rank the
alternative models (Burnham and Anderson 2001; Burnham and Anderson 2002) with
log-likelihood as the goodness of fit measure. The AIC approach allows both the best
model in the set to be identified and allows the rest of the models to be rapidly ranked
(Burnham and Anderson 2001). AIC ranks models according to the strength of evidence
in favour of each based on their fit to the data (Richards 2005), the sample size and the
number of parameters in the model (Burnham and Anderson 2002). The smaller the AIC
value, the better the model is at approximating reality (Burnham and Anderson 2002). A
version of AIC which adjusts for small sample size (AICc) was used to compare models
in all cases as the sample size was small (n/K < 40) (Burnham and Anderson 2002). In
addition, quasi-AICc (QAICc) was used instead of AICc when count data used in the
regression analyses were overdispersed.
In order to rank the alternative models, differences in AICc values (∆i ; difference
between a model’s AICc value and that of the ‘best’ model) were calculated. Models
with a ∆i ≤ 2 are considered to have substantial support, those where ∆i is 4≤ ∆i ≤ 7 have
less support and those with ∆i > 10 have basically no support (Burnham and Anderson
2001; Burnham and Anderson 2002).
Akaike weights (wi ) were calculated in order to evaluate model selection
uncertainty. Akaike weights represent the weight of evidence in favour of a model being
the best model in the set and should sum to 1.0 for the model set. If the wi of the ‘best’
model is <0.9, then some uncertainty over which is the best model exists. Summing wi to
a value of 0.95 produces a 95% confidence set for the best model (Burnham and
Anderson 2002) and indicates how many models are required to be 95% sure that the
‘best’ model is within the set.
In the absence of a ‘superior’ model (wi < 0.9), model averaging was conducted to
determine the relative importance of each of the explanatory variables. The method
incorporates all models in the set and generates weighted coefficient estimates and
standard errors for each explanatory variable based on Akaike weights (Burnham and
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Anderson 2002). In addition, wi values were summed for all models containing a
particular explanatory variable. The closer the sum of these weights is to 1, the more
influential the variable (Burnham and Anderson 2002).
Hierarchical partitioning (HP) was also used to assess the influence of individual
explanatory variables. This method averages the contribution of a predictor variable
across all models in which it occurs and identifies both the independent and joint
contribution of a predictor variable towards explaining variation in the dependent variable
(MacNally 1996; MacNally 2000; MacNally 2002). Those predictor variables that make
large independent contributions are more likely to be directly correlated with the response
variable, while those with large joint contributions may have a more indirect relationship
with the response variable (MacNally 2000). When those variables that make the largest
independent contributions in HP concur with those variables shown to be most influential
according to AIC or model averaging estimates, there can be more confidence with
regards to the importance of those predictor variables in explaining variation in the
response variable (Holland and Bennett 2007). The proportion of deviance explained was
calculated to assess the explanatory power of the models (Kindt 2009; Oksanen et al.
2010).
Regression modelling, model averaging and the calculation of deviance explained
values were performed using the statistical program R, version 2.7.2 (Ihaka and
Gentleman 1996; R Development Core Team 2008) and supplementary packages and
source code (Kindt 2009; Oksanen et al. 2010). Hierarchical partitioning analyses were
also conducted in R using the hier.part package (Walsh and MacNally 2004).
Community composition analyses were undertaken using Primer version 6.1.6
(PRIMER-E 2006). Prior to analyses, all reptile response group abundance data were
square-root transformed. The square-root transformation diminishes the importance of
highly abundant species so that similarities depend on both the abundant species and the
less common or ‘mid-range’ species (Clarke and Warwick 2001). As our reptile data
contained a number of highly abundant species, but also many ‘mid-range’ species, this
was thought to be the most appropriate transformation.
We conducted multi-dimensional scaling (MDS) ordination analyses upon each
reptile response group in order to examine patterns of assemblage structure that were
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associated with changes in mosaic properties. The Bray-Curtis co-efficient was used as
the distance measure in the analyses. We considered only the first two dimensions on the
MDS plots and selected the configuration (after 50 runs) with the lowest stress value for
plotting on the ordination diagram. Stress values indicate how realistically the high
dimensional relationships among samples are represented in the two-dimensional
ordination plots (Clarke and Gorley 2006). Stress values vary from 0-1, with values <0.1
corresponding to a good two dimensional ordination, with little prospect of
misinterpretation (Clarke and Warwick 2001).
BIOENV analyses were used to examine the relationship between biotic and
environmental resemblance matrices (Clarke and Warwick 2001). Each Bray-Curtis
resemblance matrix of reptile response groups was correlated to a Euclidean distance
matrix of normalised mosaic variables (Table 6.2). BIOENV then identifies the best
subset of landscape variables, leading to the strongest correlation between the biotic and
environmental matrices. The strength of the correlation was measured using Spearman’s
rank correlation, with the significance of the relationships based on 999 random
permutations of the data.
Analyses of similarity (ANOSIM) were used to establish if there were significant
differences in the reptile assemblages in mosaics north and south of the Murray River.
ANOSIM produces a global R-statistic, which is a measure of distance between groups.
An R-value close to zero indicates very similar assemblages, whereas an R-value
approaching one indicates strongly distinct assemblages. If distinct assemblages were
identified between mosaics north or south of the Murray River, similarity/distance
percentages (SIMPER) were calculated in order to identify the species making the largest
contributions to similarity within mosaics to the south and to the north of the river and the
largest contributions to dissimilarity between mosaics north versus south of the river.
Bray-Curtis similarity measures were also used to determine whether reptile
assemblages (all reptiles, litter-dwelling species) differed within and between the two
most dominant vegetation types (Triodia mallee (n = 185 sites) and Chenopod mallee (n
= 69 sites)). ANOSIMs were used to establish if significant differences in species
assemblages existed at sites of different vegetation types. Where differences existed,
SIMPER analyses identified those species making the largest contribution to similarity
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within each vegetation type and the largest contributions to dissimilarity between sites of
different vegetation types.

Results
General trapping results
After 56,000 trap-nights spent at 280 pitfall lines across 28 mosaics throughout
the semi-arid mallee region of south-eastern Australia, we captured over 7000 individuals
from seven families representing 55 different species. The families Scincidae (24
species) and Gekkonidae (10 species) were well represented. Species that were most
commonly captured were Diplodactylus damaeus (n = 1166), Ctenophorus fordi (n =
1007) and Egernia inornata (n = 471) (Table 6.3). As a result of such a comprehensive
trapping effort, the species accumulation curves for most mosaics had reached a plateau
prior to 20 nights trapping (Appendix 8: Figure 1 and 2), indicating that we had captured
most of the species that were present within the mosaic. In addition, the large trapping
effort lead to a number of threatened reptile species being captured including Echiopsis
curta (Spence-Bailey and Nimmo 2008; Appendix 9) listed as endangered in New South
Wales and Hemiergis millewae (Nimmo et al. 2008; Appendix 10) listed as critically
endangered in Victoria.
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Table 6.3 Abundances of the 55 mallee reptile species captured during 20 nights trapping at each mosaic across the study region.
n refers to the number of individuals (excluding recaptures) trapped over the 20 night trapping period. # landscapes refers to the number of mosaics in the
species’ known range in which the species had the potential to be captured, with the number of mosaics in which the species was actually captured shown in
parentheses
Family

Species name

Common name

n

# mosaics

Shelter preference

Agamidae

Amphibolurus nobbi coggeri

Nobbi dragon

359

28(28)

Litter-bark

Ctenophorus pictus

Painted dragon

129

28(21)

Burrow-soil

Ctenophorus fordi

Mallee dragon

1007

28(27)

Triodia

Pogona vitticeps

Central bearded dragon

192

28(28)

Litter-bark

Brachyurophis australis

Coral snake

192

28(26)

Burrow-soil

Demansia psammophis

Yellow-faced whip snake

4

28(3)

Litter-bark

Echiopsis curta

Bardick

1

28(1)

Litter-bark

Parasuta nigriceps

Mitchell’s short tailed snake

71

28(21)

Burrow-soil

Pseudonaja modesta

Ringed brown snake

36

14(9)

Litter-bark

Pseudonaja nuchalis

Western brown snake

6

28(4)

Litter-bark

Suta suta

Curl snake

2

28(1)

Burrow-soil

Vermicella annulata

Bandy Bandy

22

28(12)

Burrow-soil

Diplodactylus damaeus

Beaded gecko

1166

28(28)

Burrow-soil

Diplodactylus steindachneri

Box patterned gecko

1

14(1)

Burrow-soil

Diplodactylus vittatus

Wood gecko

236

28(24)

Litter-bark

Gehyra variegate

Tree dtella

69

28(15)

Litter-bark

Heteronotia binoei

Bynoe’s gecko

12

28(7)

Litter-bark

Elapidae

Gekkonidae
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Pygopodidae

Scincidae

Nephrurus levis

Smooth knob-tailed gecko

43

14(8)

Burrow-soil

Oedura marmorata

Marbled velvet gecko

1

14(1)

Litter-bark

Rhynchoedura ornata

Beaked gecko

81

28(13)

Burrow-soil

Stophurus elderi

Jewelled gecko

14

14(7)

Triodia

Strophurus spp.

Spiny-tailed gecko

195

28(27)

Litter-bark

Aprasia inaurita

Pink-nosed worm lizard

17

28(9)

Burrow-soil

Delma australis

Southern legless lizard

124

28(22)

Litter-bark

Delma butleri

Butler’s legless lizard

69

28(22)

Triodia

Lialis burtonis

Burton’s snake lizard

67

28(22)

Litter-bark

Pygopus lepidopodus

Common scaly-foot

23

28(17)

Litter-bark

Pygopus schraderi

Eastern hooded scaly-foot

2

14(2)

Burrow-soil

Cryptoblepharus pannosus

Carnaby’s Wall skink

13

28(6)

Litter-bark

Cryptoblepharus spp.

Cryptoblepharus spp.

1

28(1)

Litter-bark

Ctenotus atlas

Southern Mallee Ctenotus

310

14(14)

Triodia

Ctenotus brachyonyx

Murray striped skink

275

28(28)

Triodia

Ctenotus taeniatus

Brooks’s striped skink

74

14(8)

Burrow-soil

Ctenotus orientalis

Eastern striped skink

32

28(8)

Burrow-soil

Ctenotus regius

Regal striped skink

343

28(26)

Burrow-soil

Ctenotus schomburgkii

Barred wedge-snout Ctenotus

247

14(13)

Burrow-soil

Cyclodomorphus melanops

Spinifex slender blue-tongue

6

14(5)

Triodia

Egernia inornata

Desert skink

471

28(25)

Burrow-soil

Egernia striolata

Tree skink

3

28(1)

Litter-bark

Eremiascincus fasciolatus

Narrow-banded sandswimmer

2

14(1)

Burrow-soil
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Typhlopidae

Varanidae

Eremiascincus richardsonii

Broad-banded sandswimmer

5

14(5)

Burrow-soil

Hemiergis millewae

Millewa skink

1

28(1)

Triodia

Lerista aericeps

Lerista aericeps

23

14(2)

Burrow-soil

Lerista bougainvillii

Bougainville’s skink

140

14(14)

Burrow-soil

Lerista labialis

Lerista labialis

97

14(6)

Burrow-soil

Lerista muelleri

Mueller’s Skink

18

28(4)

Litter-bark

Lerista punctatovittata

Spotted burrowing skink

466

28(26)

Burrow-soil

Menetia greyii

Grey’s skink

264

28(27)

Litter-bark

Morethia boulengeri

Boulenger’s skink

63

28(22)

Litter-bark

Morethia obscura

Obscure skink

113

28(19)

Litter-bark

Tiliqua occipitalis

Western blue-tongued lizard

7

28(5)

Litter-bark

Tiliqua rugosa aspera

Stumpy-tailed lizard

22

28(9)

Litter-bark

Ramphotyphlops bicolour

Dark-spined blind snake

43

28(19)

Burrow-soil

Ramphotyphlops bituberculatus

Prong-snouted blind snake

64

28(17)

Burrow-soil

Varanus gouldii

Sand goanna

51

28(20)

Burrow-soil
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Model selection
Despite many of the models accounting for substantial proportions of the deviance
in the response variables (Table 6.4), none of the models for any of the response variables
was clearly better than any other model considered in their respective set of models (i.e
Akaike weights (wi) were well below 0.9 for all models; maximum was 0.410 for mean
site richness). In addition, the number of models in the 95% confidence set for each
dataset ranged from 4-20 (10-53%) for richness variables and 9-16 (24-42%) for diversity
variables. Therefore, given the high degree of model selection uncertainty, model
averaging and hierarchical partitioning was undertaken in order to identify the relative
importance of particular explanatory variables in accounting for the variance in each
response variable.

Table 6.4 Model selection results for reptile species richness and diversity measures
Included are the number of parameters in the models (K), AICc values, AICc differences (∆i), Akaike
weights (wi) and deviance explained (Dev). Models are ranked in descending order based on AICc
differences. Only models with AICc differences ≤2 are shown (or the 5 best models where the number of
models with AICc differences ≤2 exceeds 10). Explanatory variables: north, northing; firediv, Shannon’s
diversity index of fire ages; agg, vegetation aggregation index; tri, extent of Triodia mallee vegetation; old,
extent of >35 year old mallee; new, extent of < 10 year old mallee. Explanatory variables in parentheses
had a negative association with the response variable according to model averaging. Those not in
parentheses had a positive association with the response variable.

Response Group

Model

K

AICc

∆i

wi

Dev

All species richness

north

2

35.52

0.000

0.343

76.3

All species diversity

north +(agg)

3

-12.27

0.000

0.180

54.9

north + (agg) + (new)

4

-11.62

0.653

0.130

58.5

north + (agg) + (tri)

4

-11.02

1.259

0.096

57.6

north

2

-10.70

1.577

0.082

47.4

north + (agg) + (firediv)

4

-10.58

1.699

0.077

56.9

north + (tri)

3

-10.40

1.879

0.070

51.7

Common species richness

north

2

53.50

0.000

0.325

57.4

Common species diversity

north + (agg)

3

-12.40

0.000

0.213

44.5

north + (agg) + (new)

4

-11.38

1.018

0.128

48.3

Mean site richness

north + (agg) + (firediv)

4

-10.79

1.607

0.096

47.2

north + (agg) + (tri)

4

-10.77

1.632

0.094

47.1

north + firediv + (new) + (old)

5

90.0

0.000

0.410

65.9
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north + (new) + (old)

4

90.9

0.967

0.253

60.3

north + tri + (new) + (old)

5

91.3

1.293

0.215

64.3

north + (new) + (old)

4

-23.0

0.000

0.245

45.2

north

2

-21.3

1.640

0.108

28.7

north + (new)

3

-21.1

1.810

0.099

34.9

Soil-dwelling sp. richness

north

2

50.2

0.000

0.341

51.8

Soil-dwelling sp. diversity

north

2

-11.9

0.000

0.204

57.1

north + (tri)

3

-11.0

0.903

0.130

59.8

north + (agg)

3

-10.8

1.086

0.119

59.5

north + (new)

3

-10.4

1.461

0.098

59.0

north + (old)

3

81.6

0.000

0.202

51.1

north + firediv

3

82.4

0.815

0.134

49.7

north + (old) + firediv

4

82.8

1.162

0.113

54.2

north

2

82.9

1.294

0.106

43.6

north

2

4.5

0.000

0.178

47.6

north + firediv

3

5.0

0.419

0.145

51.8

north + (old)

3

5.1

0.551

0.135

51.6

north + new

3

6.1

1.612

0.080

49.7

north

2

52.3

0.000

0.230

43.5

north + (tri)

3

53.5

1.150

0.129

51.8

north + old

3

54.3

1.980

0.085

48.2

north + (tri)

3

-12.7

0.000

0.234

55.9

north + (tri) + (new)

4

-12.5

0.185

0.213

60.0

north + (tri) + old

4

-12.2

0.478

0.184

59.6

north + (tri) + (firediv)

4

-11.4

1.291

0.123

58.4

Mean site diversity

Triodia-dwelling sp. richness

Triodia-dwelling sp. diversity

Litter-dwelling sp. richness

Litter-dwelling sp. diversity

The properties of fire-induced mosaics accounted for very little of the deviance in
reptile species richness or diversity in a mosaic (Figures 6.4 and 6.5). The diversity of
fire age classes represented within a mosaic (firediv) made little independent contribution
to accounting for reptile richness and diversity in all cases (Figures 6.4 and 6.5).
Relatively large standard errors for parameter estimates and very low sums of Akaike
weights (Tables 6.5 and 6.6) indicated that the diversity of fire age classes represented
within each mosaic was not likely to be included in the best model for any of the response
variables analysed and therefore was unlikely to be having an influence upon reptile
species richness and diversity within the mosaic.
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The extent of newly burnt mallee (new) vegetation within a mosaic had little
influence upon reptile species richness and diversity, with the exception of mean site
richness and diversity response variables (Figures 6.4c and 6.5c; Tables 6.5 and 6.6): both
of which decreased with increasing extents of newly burnt mallee vegetation. In addition,
mean site richness and diversity decreased with increased extents of long unburnt mallee
(old) vegetation (Figures 6.4c and 6.5c; Tables 6.5 and 6.6). This would imply that mean
site richness and diversity may be maximised in intermediate mallee age classes. Trends
also exist that suggest that the species richness and diversity of Triodia-dwelling species
(Figures 6.4e and 6.5e; Tables 6.5 and 6.6) may be enhanced by decreased extents of long
unburnt mallee, whilst the species richness and diversity of litter-dwelling species
(Figures 6.4g and 6.5g; Tables 6.5 and 6.6) may be enhanced by increased extent of long
unburnt mallee.
In most cases, the relationship between increasing extent of Triodia mallee
vegetation within a mosaic and the reptile response variables was negative (Figures 6.4
and 6.5; Tables 6.5 and 6.6). This negative relationship was strongest in models of litterdwelling species diversity (Fig 6.5g; Table 6.6). These results imply that the diversity of
litter-dwelling species will be enhanced in mosaics that have a diversity of vegetation
types, rather than being dominated by one vegetation type (e.g. Triodia mallee). It also
implies that some species from this response group may show a preference for specific
vegetation types. PRIMER ANOSIM analysis revealed that the litter-dwelling species
assemblages did not differ between Triodia and Chenopod mallee sites (Appendix 11,
Table 1). However, some litter-dwelling species (e.g. Morethia boulengeri, Menetia
greyii, Gehyra variegata) were more abundant in Chenopod Mallee (Appendix 11, Table
2).
For most response variables, increased vegetation aggregation (or decreased
vegetation patchiness) decreased reptile species richness and diversity (Figures 6.4 and
6.5; Tables 6.5 and 6.6). This relationship was strongest in models where reptile
diversity and common reptile diversity were included as the response variables (Figure
6.5; Table 6.6). This implies that reptile diversity will be enhanced in mosaics with more
patches of different types of vegetation (but not seral stage) and hence a greater coverage
of ecotone habitat. It follows, that patchier (less aggregated) mosaics will have a greater
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diversity of vegetation types (separating each vegetation patch is a patch of a different
vegetation type) than mosaics with one large patch of a single vegetation type. This
suggests that reptiles are favouring particular vegetation types. ANOSIM results suggest
that the reptile assemblages within Triodia and Chenopod mallee are similar (R < 0.3;
Appendix 11, Table 1). However, results reveal that some species were more abundant in
one vegetation type compared to another. Species such as Ctenophorus fordi, C.
brachyonyx, C. atlas, Diplodactylus dameaus, Egernia inornata were more abundant in
Triodia Mallee vegetation whilst D. vittatus, G. variegata, Lerista punctatovittata and
Morethia boulengeri were more abundant in Chenopod Mallee (Appendix 11, Table 2).
The most powerful predictor of richness or diversity of reptiles across the study
region was where the mosaic was located along a north-south axis (Table 6.4). Northing
made the largest independent contribution to all of the 14 response variables analysed
(Figures 6.4 and 6.5) and model averaging results revealed that it was highly probable
that northing would be included in the ‘best’ model for each of the 14 response variables
analysed (Tables 6.5 and 6.6).
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Table 6.5 Model averaging results for reptile species richness and subgroups of species
richness. Sums of Akaike weights (wi) are included for each variable. The most influential variables are
highlighted in bold. Variables for which the 95% confidence interval does not include zero are marked
with an asterix.
Response variable
All species richness

Common species richness

Mean site richness

Soil-dwelling sp. richness

Triodia-dwelling sp. richness

Litter-dwelling sp. richness

Variable
north *
firediv
agg
old
new
tri
north *
firediv
agg
old
new
tri
north *
firediv
agg
old*
new*
tri
north *
firediv
agg
old
new
tri
north *
firediv
agg
old
new
tri
north *
firediv
agg
old
new
tri

Coefficient
3.62
0.03
-0.04
-0.04
-0.09
-0.12
1.85
-0.01
-0.07
-0.03
-0.04
-0.10
0.85
0.18
-0.01
-0.75
-0.70
0.08
1.43
0.03
-0.03
-0.06
-0.03
-0.03
0.81
0.11
0.01
-0.18
0.01
0.02
1.34
-0.06
-0.04
0.10
-0.09
-0.18

Standard error
0.94
0.45
0.53
0.46
0.56
0.67
0.67
0.30
0.41
0.31
0.32
0.46
0.21
0.21
0.07
0.23
0.23
0.17
0.47
0.24
0.25
0.27
0.23
0.23
0.18
0.16
0.09
0.18
0.09
0.10
0.32
0.19
0.18
0.22
0.21
0.29

Sums of wi
0.962
0.161
0.163
0.169
0.187
0.197
0.923
0.163
0.181
0.172
0.176
0.213
0.998
0.446
0.079
0.978
0.965
0.241
0.948
0.172
0.170
0.196
0.176
0.169
0.999
0.374
0.150
0.523
0.177
0.171
0.917
0.183
0.165
0.225
0.215
0.306
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Table 6.6 Model averaging results for reptile species diversity and subgroups of species
diversity. Sums of Akaike weights (wi) are included for each variable. The most influential variables are
highlighted in bold. Variables for which the 95% confidence interval does not include zero are marked
with an asterix.
Response variable
All species diversity

Common species diversity

Mean site diversity

Soil-dwelling sp. diversity

Triodia-dwelling sp. diversity

Litter-dwelling sp. diversity

Variable
north *
firediv
agg
old
new
tri
north *
firediv
agg
old
new
tri
north*
firediv
agg
old
new
tri
north *
firediv
agg
old
new
tri
north *
firediv
agg
old
new
tri
north *
firediv
agg
old
new
tri*

Coefficient
0.16
-0.01
-0.04
0.01
-0.01
-0.01
0.12
-0.01
-0.05
0.01
-0.01
-0.01
0.09
0.01
-0.01
-0.03
-0.04
0.01
0.20
0.01
-0.01
0.01
-0.01
-0.01
0.22
0.02
-0.01
-0.02
0.01
-0.01
0.18
-0.01
-0.01
0.01
-0.02
-0.09

Standard error
0.04
0.02
0.03
0.02
0.03
0.03
0.04
0.02
0.04
0.02
0.02
0.02
0.02
0.02
0.01
0.03
0.03
0.01
0.04
0.01
0.03
0.02
0.02
0.03
0.05
0.04
0.02
0.04
0.03
0.02
0.04
0.03
0.01
0.02
0.03
0.04

Sums of wi
1.000
0.165
0.563
0.208
0.293
0.258
0.976
0.177
0.639
0.191
0.264
0.217
0.973
0.184
0.155
0.580
0.668
0.168
1.000
0.152
0.289
0.170
0.259
0.294
0.999
0.336
0.169
0.337
0.222
0.156
0.999
0.199
0.076
0.281
0.349
0.883
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Figure 6.4 Independent contributions (%) of explanatory variables towards explaining
variance in (a) reptile richness; (b) common species richness; (c) mean site richness; (d)
soil-dwelling species richness; (e) Triodia-dwelling species richness; and (f) litterdwelling species richness. Black bars indicate statistically significant effects calculated
using model averaging.
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Figure 6.5 Independent contributions (%) of explanatory variables towards explaining
variance in (a) total reptile diversity; (b) common reptile diversity; (c) mean site
diversity; (d) soil-dwelling species diversity; (e) Triodia-dwelling species diversity and
(f) litter-dwelling species diversity. Black bars indicate statistically significant effects
calculated using model averaging.
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Site-scale pyrodiversity and reptile richness
A comparison of pairs (n = 47) of uniformly burnt and patchily burnt sites that were in
the same mosaic, vegetation type and fire age-class, revealed that reptile richness and
diversity was also not influenced by site-scale pyrodiversity (i.e. richness and diversity
was not enhanced at the patchily burnt sites) (Figure 6.6; Total reptile richness: Paired ttest: t =-0.091, df = 46, p = 0.928: total diversity: t =-0.661, df = 46, p = 0.512: see
Appendix 12 for raw data).
20

Richness (patchily burnt sites)

18
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8
6
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2
0
0
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20
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Figure 6.6 Species richness of reptiles at pairs of sites that were in the same mosaic,
vegetation type and fire-age class; one of which was uniformly burnt, while it’s pair had
been patchily burnt. The pyrodiversity hypothesis predicts that there will be a greater
number of data points above the 1:1 line on the graph.

Mosaic community composition
Visual examination of patterns of reptile assemblage similarity at the mosaic scale
revealed a strong biogeographic gradient, with reptile assemblages generally clustering
into two groups: 1) mosaics north of the Murray River (numbers 13-16 and 19-28 on
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MDS diagrams; Figure 6.7) and 2) mosaics south of the Murray River (numbers 1-12 and
17-18 on MDS diagrams; Figure 6.7). No other obvious gradients of clustering existed
when examining fire-related and vegetation-related mosaic properties (Figures 6.8 to
6.12).
(a) All species

(b) Soil-dwelling species

(c) Triodia-dwelling species

(d) Litter-dwelling species

Figure 6.7 MDS ordination diagrams, showing variation in assemblage structure of a) all
species; b) soil-dwelling species; c) Triodia-dwelling species and d) litter-dwelling
species across the studied mosaics (n = 28). The numbers represent different mosaics.
The size of the grey bubbles indicates the northing value. Note that mosaics further north
(larger bubbles) are clustering together; whilst mosaics further south (smaller bubbles)
are also clustering.
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(a) All species

(b) Soil-dwelling species

(c) Triodia-dwelling species

(d) Litter-dwelling species

.

Figure 6.8 MDS ordination diagrams, showing variation in assemblage structure of a) all
species; b) soil-dwelling species; c) Triodia-dwelling species and d) litter-dwelling
species across the studied mosaics (n = 28). The numbers represent different mosaics.
The size of the grey bubbles indicates the pyrodiversity (firediv) of the mosaic, with
larger bubbles indicating more pyrodiverse mosaics and smaller bubbles being less
diverse mosaics
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(a) All species

(b) Soil-dwelling species

(c) Triodia-dwelling species

(d) Litter-dwelling species

Figure 6.9 MDS ordination diagrams, showing variation in assemblage structure of a) all
species; b) soil-dwelling species; c) Triodia-dwelling species and d) litter-dwelling
species across the studied mosaics (n = 28). The numbers represent different mosaics.
The size of the grey bubbles indicates the extent of >35 year old (old) mallee in the
mosaic, with larger bubbles indicating more old within the mosaics and smaller bubbles
indicating smaller extents of old.
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(a) All species

(b) Soil-dwelling species

(c) Triodia-dwelling species

(d) Litter-dwelling species

Figure 6.10 MDS ordination diagrams, showing variation in assemblage structure of a)
all species; b) soil-dwelling species; c) Triodia-dwelling species and d) litter-dwelling
species across the studied mosaics (n = 28). The numbers represent different mosaics.
The size of the grey bubbles indicates the extent of <10 year old (new) mallee in the
mosaic, with larger bubbles indicating more new within the mosaics and smaller bubbles
indicating smaller extents of new.
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(a) All species

(b) Soil-dwelling species

(c) Triodia-dwelling species

(d) Litter-dwelling species

Figure 6.11 MDS ordination diagrams, showing variation in assemblage structure of a)
all species; b) soil-dwelling species; c) Triodia-dwelling species and d) litter-dwelling
species across the studied mosaics (n = 28). The numbers represent different mosaics.
The size of the grey bubbles indicates the extent of Triodia mallee vegetation in the
mosaic, with larger bubbles indicating more Triodia mallee within the mosaics and
smaller bubbles indicating smaller extents of Triodia mallee.
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(a) All species

(b) Soil-dwelling species

(c) Triodia-dwelling species

(d) Litter-dwelling species

Figure 6.12 MDS ordination diagrams, showing variation in assemblage structure of a)
all species; b) soil-dwelling species; c) Triodia-dwelling species and d) litter-dwelling
species across the studied mosaics (n = 28). The numbers represent different mosaics.
The size of the grey bubbles indicates the extent of vegetation aggregation in the mosaic,
with larger bubbles indicating more aggregated vegetation within the mosaics and smaller
bubbles indicating more patchy vegetation.

BIOENV analyses confirmed that both fire-related and vegetation-related
properties of mosaics were not major drivers of differences in reptile assemblage
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composition between mosaics. Northing was the only major driver of similarity in reptile
community composition (Table 6.7). Northing was in the best subset of mosaic variables
(Table 6.7) for each reptile response group and in three of the four cases, was the only
variable in the best subset (Table 6.7). In each case, the Spearman’s rank correlations
were > 0.45 and highly significant. The highest correlation between assemblage
similarity and environmental distance was shown by the all reptile species grouping (R =
0.705). In the case of the Triodia-dwelling species group, northing (north), the diversity
of fire-age classes (firediv), vegetation aggregation (agg) and extent of >35 year-old
mallee (old) were all identified as being in the best subset of landscape variables.
However, correlations of MDS1 and MDS2 with each of the variables identified in the
subset revealed that only northing was highly correlated with MDS1 (Spearman rank
correlation, R = 0.691, P < 0.001) and MDS2 (Spearman rank correlation, R = 0.473, P =
0.01), whilst fire-related and vegetation-related variables had poor correlations (R < 0.3
in most cases) with both MDS1 and MDS2. This indicates that northing is really the
major contributor to the similarity of Triodia-dwelling species assemblages.
ANOSIM analyses comparing reptile assemblages in mosaics north versus
mosaics south of the river confirmed that there were significant differences in species
composition between mosaics in the north versus mosaics in the south (Table 6.8).
SIMPER analyses revealed that the differences in composition were driven by the
presence/absence of species with ranges restricted to certain regions (e.g. Ctenotus atlas
and C. schomburgkii restricted to northern mosaics, Lerista bougainvilli restricted to
southern mosaics; Appendix 11; Table 3). Differences in composition were also driven
by differences in individual species’ abundances, with species such as Egernia inornata,
Lerista punctatovittata and Morethia obscura being more abundant in northern mosaics,
whilst species such as Diplodactylus damaeus, D. vittatus and Strophurus spp. were more
abundant in the southern mosaics (Appendix 11, Tables 3-6).
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Table 6.7 Results of BIO-ENV analysis for the relationship between the Bray-Curtis
similarity matrix (square root transformed) of each reptile assemblage and the Euclidean
distance matrix incorporating environmental (mosaic) variables (normalised). Mosaic
variables included in BIO-ENV analyses were: northing (north); diversity of fire ages
(firediv); extent of >35 year old mallee (old); extent of <10 year old mallee (new); extent
of Triodia Mallee (triodia) and vegetation aggregation index (agg). ρ = Spearman’s rank
correlation coefficient. Significance was based on 999 random permutations. * P < 0.05;
**P < 0.01.
Reptile assemblage

ρ

Mosaic variables

All species

0.705**

north

Soil-dwelling species

0.740**

north

Triodia-dwelling species

0.464**

north,firediv,triodia,old

Litter-dwelling species

0.488**

north

Table 6.8 Results of ANOSIMs and SIMPERs testing for differences in reptile
assemblages in between mosaics north (N) and south (S) of the Murray River. N
similarity = average similarity of assemblages in northern mosaics; S similarity = average
similarity of assemblages in southern mosaics; Dissimilarity = average dissimilarity of
assemblages between N and S mosaics.
Response group

R-value

p- value

N similarity

S similarity

Dissimilarity

All species

0.926

0.001

68.6

67.7

46.6

Soil-dwelling species

0.882

0.001

66.6

65.5

50.6

Triodia-dwelling species

0.573

0.001

75.8

63.6

45.4

Litter-dwelling species

0.656

0.001

66.7

70.8

42.4

Discussion
Does “pyrodiversity” beget reptile diversity?
We could not detect any significant positive association between increased
pyrodiversity within a mosaic and reptile richness or diversity. In addition, pyrodiversity
was not correlated with variation in the composition of mallee reptile communities. We
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know of no other study that has attempted to quantify and examine the relationship
between pyrodiversity and biodiversity at a landscape-scale. Since our findings offer no
support for an assumption under-pinning fire management policies world-wide (i.e. that
pyrodiversity begets biodiversity; Parr and Andersen 2006), we must consider possible
explanations for why we have failed to detect such an effect.
The lack of influence of pyrodiversity upon reptile richness and diversity may
reflect the disparate responses of individual species to pyrodiversity within the mosaic.
Some species may be positively influenced by pyrodiversity, whilst others may be
negatively influenced and as a result, the overall effect upon a community’s richness and
diversity could be masked. However, only four of 55 mallee reptile species showed a
strong response to pyrodiversity at the mosaic scale (Nimmo et al. unpubl data) and as
such, this is not a valid explanation for the results observed. Another explanation for the
observed null response to pyrodiversity might be a disproportionate influence of rarer
species on species richness counts. Very few species included in the richness counts
were highly abundant and it was possible that the contribution of the rarer species to
species richness may be obscuring a relationship between the species richness of a mosaic
and pyrodiversity. Our analyses of ‘common’ species richness revealed that the removal
of rarer species from the analyses did not alter the outcome; therefore it was unlikely that
the rare species were the cause of this null response to pyrodiversity.
One might argue that our results are a product of sampling at a spatial scale not
particularly relevant to many reptiles. The home ranges of most mallee reptiles are
measured in hundreds of square metres rather than square kilometres (Henle 1990; Read
1998; Read 1999). Fire-induced heterogeneity could be having an influence on mallee
reptile richness, but at a scale finer than the one at which we were able to map either fire
scars or vegetation using remote sensing (25m x 25m pixels). For example, heterogeneity
in fire intensity around a site may lead to important heterogeneity in key vegetation
structure and habitat elements, which may lead to increased community richness.
However, even at the site scale, we could detect no differences in reptile richness or
diversity between sites that had been patchily or uniformly burnt in the past. This does
not mean that heterogeneity at other spatial scales might not be enhancing richness.
Attempting to quantify heterogeneity at much finer scales was beyond the scope of this
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study, since our landscape-scale study was primarily designed to sample at a scale that
reflected both the size of the fire disturbances in the mallee and the scale of typical fire
management actions in the region, e.g. prescribed burning (DSE 2008).
A major limitation of our GIS mapping of long-unburnt mallee is that fires that
occurred prior to 1972 were unable to be mapped. If it were possible, mapping of the
extent of even older age classes within the areas classified as being > 35 years since last
burnt (e.g. 50-75 years since fire etc) may have revealed more diverse patterns of
pyrodiversity within some of our apparently “uniform” long-unburnt landscape mosaics.
However, since we could detect little change in species richness over even a century-long
chronosequence of sites, it seems unlikely that such ‘unmapped’ pyrodiversity would be
associated with profound changes in species richness.
We must also acknowledge that our classification of ‘newly burnt mallee’ as <10
years since fire was at a cruder temporal scale than might be ideal. If sufficient examples
of younger age classes had been available to include in our study mosaics (e.g. 1-3 years
since fire) we would have had greater power to detect potentially rapid short-term
changes in species richness and composition that might follow fires. However, we were
limited by the range of fire age classes available, despite having a study region over
100,000km2 in area.
We also concede that the statistical power of a sample size of only 28 mosaics
meant that we were only likely to detect very gross or obvious effects of pyrodiversity.
This limitation was unavoidable as the logistical challenges of effectively sampling
biodiversity at the landscape scale constrained our sample size.
Properties of fire-induced mosaics other than pyrodiversity included in the
modelling also had little influence on reptile richness and diversity. A lack of response to
the extent of long-unburnt and newly burnt mallee in the mosaic may reflect the scarcity
of mallee reptiles that are either early or late successional specialists (Nimmo et al.
unpubl data). Many mallee reptiles show a reasonable degree of resilience to fire and are
able to persist in a number of post-fire conditions (Nimmo et al. unpubl data). This is
reflected in site-based time-since-fire studies by Caughley (1985), Schlesinger et al
(1997) and our own study (Chapter 5) which found similar reptile richness at sites of
differing time-since-fire; even over a century-long chronosequence.
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Our findings for reptiles were in contrast to studies of birds in the same mosaics,
which found that the extent of long-unburnt mallee in a mosaic had a positive influence
upon bird species richness (Taylor et al. unpubl data). If disparate requirements of
different faunal groups exist at the scale at which we sampled, this may present a
challenge for land managers who aim at conserving the biodiversity of multiple taxa. For
example, our findings suggest that reptile richness will not be negatively affected by
implementing a patch-mosaic burning regime. However, if a patch mosaic burning
strategy was implemented it may negatively influence bird richness due to their being a
decline in the extent of long-unburnt habitat in the mosaic.
Some subgroups of reptiles showed some interesting trends in response to the
properties of fire induced mosaic variables. The slight positive influence of the extent of
long-unburnt mallee on the richness of litter-dwelling species could be due to a need for
large stems, thick bark and hollows in which to dwell (Pianka and Pianka 1976;
Kitchener et al. 1988; Cogger 2000; Wilson and Swan 2003; Swan and Watharow 2005).
In addition, Triodia-dependent species richness and diversity seemed to be enhanced by
decreased extents of long unburnt mallee. This too, may be due to their habitat
requirements, as long-unburnt mallee (>35 years since fire) is unlikely to support a large,
healthy cover of Triodia due to the fact that this grass species begins to decline in density
20-30 years after fire (Bradstock and Gill 1993).
Mean species richness of sites across a mosaic also appeared to be negatively
influenced by increasing extent of newly burnt mallee. This, coupled with the fact that
the extent of long-unburnt mallee had a negative effect on mean site richness, suggests
that mean site richness per mosaic may be enhanced by increasing extents of intermediate
fire ages (e.g. 11-34 year old mallee). This finding may be linked to important vegetation
structural changes in mallee of this fire age. Haslem et al. (2010b); Appendix 4) found
that the percentage cover of Triodia and the depth of litter reached a maximum at sites
approximately 30 years since fire. Triodia and litter are both important habitat elements
for mallee reptiles (Cogger 1974; Pianka and Pianka 1976; Cheal et al. 1979; Mather
1979; Caughley 1985; Henle 1989; Schlesinger et al. 1997), so an increase in the
availability of these elements in the mosaic may increase mean reptile richness across
sites within the mosaic.
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Is vegetation extent or configuration important for reptiles?
A general trend for increasing reptile richness and diversity with decreasing
vegetation aggregation was observed. Mosaics with low vegetation aggregation values
had more obvious dune-swale systems; with Triodia mallee on the dunes, chenopod
mallee in the swales, and ‘ecotones’ in between. These ‘patchier’ mosaics may offer a
greater number of niches in which reptiles may dwell and thus may enhance reptile
diversity. Since this kind of habitat heterogeneity in vegetation types is most probably a
consequence of soil type and topography, rather than fire history, it is not amenable to
management.
Litter-dwelling species diversity significantly declined with increased extents of
Triodia mallee vegetation. This is likely due to the fact that this subgroup requires litter
and bark build-up for shelter and thus may prefer the long-unburnt sites, which are more
commonly associated with the less flammable Chenopod mallee vegetation. Community
analyses revealed that the composition of litter-dwelling species was not different
between different vegetation communities; however some individual species such as
Morethia boulengeri and Gehyra variegata were more common in Chenopod mallee
sites.

Fire management implications
The findings of many studies in Australia and elsewhere recommend that a policy
of mosaic burning will maximise species diversity as different assemblages of species
may occur in areas of different seral stages after fire (Braithwaite 1987; Mushinsky 1992;
Masters 1996; Fuhlendorf et al. 2006; Wilgers and Horne 2006; Menges 2007).
However, at the scale at which we sampled (4km diameter fire-induced mosaics), the
“pyrodiversity” or “patch mosaic burning” paradigm (Parr and Andersen 2006) was not
supported. In addition, pyrodiversity was not correlated with variation in mosaic reptile
community composition. The results suggest that active management of the mallee
through unspecified mosaic burning (Bradstock et al. 2005) at the scale at which we
sampled is unlikely to enhance the status of reptiles in the region. We concede that if a
regime of mosaic burning affected patterns of later wildfires and resulted in mosaics at
other scales, perhaps then it might be beneficial for biodiversity. However, there still
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remains a lack of evidence that identifies the scale at which the postulated benefits of
such mosaics accrue.
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Understanding the impact of disturbances
Before we can truly understand the dynamics of populations within environments
subject to disturbance, we require knowledge of the regime of disturbance and of the
resultant patterns of recolonization and succession in the disturbed areas (Sousa 1984;
Whelan 1995). These patterns are known to depend upon the nature of the disturbance
itself and the life history strategies or functional traits (sensu Vandewalle et al. 2010) of
the species looking to reoccupy the disturbed sites (Sousa 1984).
The characteristics of the disturbance, such as the intensity and severity of the
disturbance (e.g. Malmstrom et al. 2008; Eyre et al. 2009), the size and shape of the
disturbed patch (e.g. Lee et al. 2002), the degree of isolation from other undisturbed
patches (e.g.Virgos 2001; McAlpine et al. 2006), the heterogeneity of the disturbed patch
(e.g. Haslem and Bennett 2008) and the season in which the disturbance occurred (e.g.
Griffiths and Christian 1996) may influence the pattern of recolonization of organisms
(Sousa 1984).
Life history or functional traits relating to the persistence, resilience and mobility
of organisms are often linked to patterns of recolonisation after disturbance (e.g. Noble
and Slatyer 1980). These traits include body mass (Barbaro and van Halder 2009),
dispersal ability (Barbaro and van Halder 2009; Moretti et al. 2009), reproductive mode
(Doldec et al. 2006), phenology (Barbaro and van Halder 2009; Moretti and Legg 2009)
and resource requirements (Caughley 1985; Moretti and Legg 2009; Kelly et al. 2010).
Therefore, before we can accurately predict the consequences of future
disturbances or altered disturbance regimes upon organisms, a thorough examination of:
1) the nature of the current disturbance regime; 2) the responses of species or groups to
the current disturbance; and 3) how those responses relate to the life-history and
functional traits of the species is required.

The nature of fire in the mallee
As there was very limited fire history and vegetation mapping information
available for our study area, a first and vital step in the design of the Mallee Fire and
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Biodiversity Project was the production of an accurate, consistent map of the fire history
and vegetation of the south-eastern Murray Mallee region. We produced a map of all of
the fires that occurred between 1972-2007, encompassing an area of over 10,000,000 ha,
spanning the Murray Mallee regions of Victoria, New South Wales and South Australia
(Avitabile et al. in prep; Appendix 1). In addition, we created a map of the major
vegetation communities across the region. Four vegetation communities were identified:
Triodia Mallee, Chenopod Mallee, Heathy Mallee and Shrubby Mallee (Haslem et al.
2010a; Appendix 2). Three of these communities: Triodia Mallee, Chenopod Mallee and
Heathy Mallee were able to be mapped across the study region (Haslem et al. 2010a;
Appendix 2).
Prior to our study, the natural fire regime in the mallee was believed to be
dominated by very large (maximum of 100,000 to 120,000 ha; (Rawson 1982; Bradstock
and Cohn 2002), intense (maximum intensities of up to 20-30,000 Kw m-1; (Bradstock
and Cohn 2002) fires occurring on a decadal basis (Morelli and Forward 1996; Wilson
1999), with the main cause of ignition of these fires being lightning strikes (Cheal et al.
1979; Rawson 1982; Noble 1984).
It had been postulated that the decadal cycle of natural fire found in many mallee
landscapes is a result of a decadal cycle of above-average rainfall (Noble and Vines
1993). Noble and Vines (1993) hypothesised that the incidence of significant fires in the
mallee is fuel-limited. As rainfall promotes significant herbage growth, it could result in
higher fuel loads and continuity and thus promote the incidence of fire in that year.
Bradstock and Cohn (2002) postulated that a cycle of wet weather was roughly coincident
with the peak in flammability associated with the accumulation of eucalypt litter and
maximum development of Triodia hummocks in the mallee, but presented alternatives to
this hypothesis. They postulated that the decadal incidence of fire may also be dependent
upon the ignition source (or lack of), the pattern of litter accumulation or a positive
association between wet weather years and dry-lighting activity.
Our analyses of all fires that occurred in the region during the past 35 years have
refined past understanding of the nature of fire in the Murray Mallee. Fire mapping
revealed that the pattern of fire in the mallee is that of infrequent large (>10,000ha) fires
that shape the landscape, with only 40% of tree mallee within the study area being burnt
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within this time frame (Avitabile et al. in prep; Appendix 1). Importantly, in contrast to
Noble and Vines (1993), the occurrence of large fires was not always related to the
incidence of above average rainfall. In addition, in contrast to the postulated ‘decadal
cycle’ of fire in the mallee (Morelli and Forward 1996; Wilson 1999), relatively little
(2.3%) tree mallee vegetation has burnt more than once since 1972 (Avitabile et al. in
prep; Appendix 1). The majority of Triodia and Chenopod Mallee areas that had
experienced two fires during 35 year sampling period had fire intervals of 20-32 years
(Avitabile et al. in prep; Appendix 1) and many of these were the result of prescribed
burning. Notably, many fires appeared to have been patchy (Mallee Fire and Biodiversity
Project, unpublished data) leaving possible refuges for fauna to survive fire and recolonise burnt patches in the months after the fire.
The resulting fire age class structure throughout the majority of reserves and parks
within the mallee region had high proportions of ‘long unburnt mallee’ (> 35 years since
fire). This fire age class distribution did not fit one management agency’s defined
‘idealised’ distribution of age classes for this vegetation type (Wouters 2004). The Fire
Ecology Working Group (2004) assumed that the incidence of naturally-occurring
wildfire will be inadequate to deliver sufficient early successional stage habitat to
maintain viable populations of taxa requiring this successional stage in the landscape. As
such, they anticipate that prescribed burning aimed at creating a fire age class distribution
with ‘relatively high proportions of young age-classes’ and ‘relatively small areas of oldage classes’ will deliver sufficient habitat for fauna in vegetation types, including the
mallee (Fire Ecology Working Group 2004). These aims were very vague as, due to our
restricted temporal understanding of fire, the definition of the ‘old’ age class remained
unclear.
As the earliest Landsat imagery available for use in fire mapping was from 1972,
all areas not known to have been burnt since this date had to be lumped together into a
‘long unburnt’ category. From the fire mapping, 60% of tree mallee vegetation was
classified into this ‘long-unburnt’ category (not burnt for >35 years) within our study
region. This classification may be misleading as the range of actual fire ages within this
category is likely to span decades, if not longer. To address this limitation, we developed
regression models for six species of mallee Eucalypt in order to determine the
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relationship between stem diameters and stem age at sites of known fire ages (Clarke et
al. 2010; Appendix 3). The models were then applied to the eucalypt trees at the pre-1972
(‘long unburnt’) sites to determine their ages. We then used these models to predict mean
stem age, and thus infer fire-year, for sites where the time since fire was not known. This
approach enabled the examination of post-fire chronosequences in semi-arid mallee
ecosystems to be extended from 35 years post-fire to over 100 years (Clarke et al. 2010;
Appendix 3). Our analyses highlighted the need for redefining what is meant by ‘oldgrowth’ mallee within current fire age class distributions. In addition, it offered the
potential for a better temporal understanding of the post-fire dynamics of fuel, habitat
attributes and faunal populations within the mallee.

A comprehensive, representative region-wide reptile data set
An important product of this project was the collection of a comprehensive
region-wide reptile data set (7000 individual reptiles from 7 different families
representing 55 different species). There are few examples of studies where reptiles are
surveyed at such a large scale (for examples see Owen 1989; Buckley and Jetz 2009).
The major benefit of a large-scale study, such as ours, is that it offers the potential to
analyse responses to fire regimes across multiple scales (i.e. regional, state, reserve,
site/patch scales).
One obvious advantage of such intensive sampling over a large area is that it will
result in a more accurate estimate of species richness/diversity for a given sampling area
(Melo and Froehlich 2001; Thompson et al. 2007; see Appendix 8 for our mosaic scale
species accumulation curves). If knowledge of diversity is important, as it was in our
study, then surveys with small sample sizes are inadequate to estimate species richness
(Thompson et al. 2003). Another advantage of the large trapping effort was the capture
of a number of threatened reptile species including Echiopsis curta (Spence-Bailey and
Nimmo 2008; Appendix 9), listed as endangered in New South Wales and Hemiergis
millewae (Nimmo et al. 2008; Appendix 10) listed as critically endangered in Victoria.
The capture of E. curta was only the third confirmed record for the state of New South
Wales and the first confirmed record in NSW in over 20 years. This record represented a
rare and important insight into the potential habitat requirements of this cryptic species
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(Spence-Bailey and Nimmo 2008; Appendix 9). The capture of the individual H.
millewae was 85km east of its known range within Murray-Sunset National Park, and
hence represents a significant range extension for this species within the state of Victoria
(Nimmo et al. 2008; Appendix 10). We are uncertain as to whether this record
constitutes a distinct eastern population, or is part of a patchy population continuous with
the known populations in the far western edge of the Murray-Sunset National Park. As
such, we have highlighted the need for further study on the habitat requirements and
distribution of this threatened species.
Despite the extensive dataset, I felt it was essential to determine that we had
maximized our chances of capturing a representative sample of reptiles. Designing an
appropriate sampling protocol requires an understanding of how capture rates of target
species are influenced by factors other than abundance, such as weather conditions and
seasonality. Reptiles, as ectotherms, depend on external heat sources (primarily solar
radiation) for thermoregulation (Heatwole and Taylor 1987; Schmidt-Neilsen 1997). As
such, a major factor constraining the activity of ectotherms is their thermal environment.
Consequently, the activity of reptiles may be affected by variation in
environmental parameters including fluctuations in ambient temperature (Read and
Moseby 2001), relative humidity (Daltry et al. 1998; Read and Moseby 2001; Sun et al.
2001; Brown and Shine 2002), rainfall (Shine and Koenig 2001; Brown and Shine 2002),
wind speed (Sun et al. 2001), cloud cover (Van Damme et al. 1987; Read and Moseby
2001) and moon phase (Clarke et al. 1996; Read and Moseby 2001; Brown and Shine
2002). The season in which reptile surveys are conducted also influences captures,
possibly due to seasonal changes in prey availability, reproduction and associated matesearching activity, or shifts in seasonal environmental conditions (Heatwole and Taylor
1987; Sun et al. 2001; Brown et al. 2002). Many studies exploring the activity of reptiles
under different environmental conditions have simply identified a positive or negative
relationship between reptile capture rates or individual species occurrence and different
environmental parameters (e.g. Daltry et al. 1998; Read and Moseby 2001; Brown and
Shine 2002). They failed to identify important temperature ranges or threshold levels for
environmental parameters which maximise the chance of capturing the species or group
of species.
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In only the second such study in the semi-arid mallee region, I considered the
influence of weather and seasonal conditions on the capture rates of reptiles (Chapter 3).
I not only identified relationships between capture rates and weather/seasonal conditions,
but also examined the response shape of individual species to maximum or minimum
daily temperature. This approach enabled the identification of critical temperature ranges
or thresholds that would maximize the capture rate or probability of detection of
individual reptile species or groups of species (e.g. diurnal or nocturnal reptiles).
My findings have highlighted to land managers that surveys for reptiles in semiarid environments are likely to capture the greatest diversity of species on warm days in
late spring months, although surveys on hot days in summer will enhance detection of
particular species (Spence-Bailey et al. 2010; Appendix 7). I recommend trapping during
periods with maximum temperatures exceeding 25-30 ºC and minimum overnight
temperatures of 15 ºC (Spence-Bailey et al. 2010; Appendix 7). In addition, trapping
during rainfall and full moon events will maximise chances of encountering species
sensitive to these variables (blind snakes and geckoes) (Spence-Bailey et al. 2010;
Appendix 7).
Importantly, each mosaic (n=28) sampled during the study experienced these
important weather/seasonal conditions, thus, our reptile sampling was not considered
biased by differential weather conditions. Therefore, I could be more confident that
differences observed in the reptile communities captured at each mosaic/site were more
likely to be due to factors other than weather and seasonal variables. I could also be more
confident that we had obtained a representative sample of reptiles from each mosaic.

Responses to time-since-fire and seral stage
The temporal scale of the fire history used in this study was unprecedented, as the
project was able to reliably age mallee sites older than 35 years since last fire by
modelling the Eucalyptus species’ stem diameters (Clarke et al. 2010; Appendix 3). This
allowed us to examine responses to fire over a substantially longer chronosequence (1100 years) than the vast majority of other studies of reptiles (e.g. Caughley 1985;
Schlesinger et al. 1997; Wilgers and Horne 2006; Masterson et al. 2008). I was able to
determine that Triodia-dwellers and litter-dwellers (which constitute 50% of the mallee
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reptile species captured) were at risk of inappropriate fire regimes due to their
associations with fire sensitive habitat attributes (Haslem et al. 2010b; Appendix 4).
These findings were reflected in our time-since-fire analyses (Chapter 5), as Triodiadwellers and litter-dwellers showed the strongest responses to time-since-fire, with
response shapes reflecting the post-fire development of important habitat elements for the
subgroups. Most importantly, the post-fire responses of Triodia-dwellers and litterdwellers were still exhibiting changes more than 30 and 100 years after a fire,
respectively, highlighting the importance of developing a long-term understanding of
post-fire dynamics. Furthermore, the response pattern of Triodia-dwellers was nonlinear, highlighting the risk that a short chronosequence or longitudinal study may result
in an inaccurate understanding of post-fire changes in the richness of taxa.
Interestingly, while total reptile species richness was not influenced by time since
fire, community composition analyses produced findings consistent with the habitat
accommodation model (Fox 1982); with successional changes in vegetation structure
(seral stages), and not time-since-fire per se influencing the relative abundance of
subgroups of reptiles. Numerous short-term studies of the responses of reptiles to fire
also report findings consistent with the habitat accommodation model (e.g. Caughley
1985; Schlesinger et al. 1997; Letnic et al. 2004; Valentine and Schwarzkopf 2009).
However, demonstrating the direct causality between vegetation status and the abundance
of mallee reptiles would require experiments that involve the deliberate manipulation
(removal or clipping) of habitat (e.g. Fox et al. 2003; Monamy and Fox 2010). The other
principle feature of the habitat accommodation model, the competitive success of latesuccessional colonists over early successional species (Fox 1982; Monamy and Fox
2010), would also need to be tested through species removal experiments (e.g. Fox and
Pople 1984; Thompson and Fox 1993).
The observed responses of mallee reptiles to disturbance by fire highlighted the
importance of considering multiple measures of reptile community change with timesince-fire. Land management policies place considerable emphasis on the need to protect
and maintain biodiversity (i.e. species richness or diversity), and the potential benefits
this offers for ecosystem function (e.g. DSE 2006; Thompson and Starzomski 2007; DSE
2008). In this case, if managers were to only consider total species richness, they may be
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tempted to conclude that mallee reptiles are resilient to the effects of fire and that to
create landscapes with ‘relatively high proportions of young age-classes’ and ‘relatively
small areas of old-age classes’ (i.e. the ‘idealised’ age class distribution; Fire Ecology
Working Group, 2004) would be unlikely to have an negative impact on reptile diversity.
In contrast, our analysis of changes in assemblage composition suggest that reptile
diversity will be enhanced if fire management aims at the creation or maintenance of
Triodia Mallee vegetation that has not been burned for 19-50 years and the protection of
long unburnt vegetation patches (>50 years since fire). Our data do not suggest that the
absence of early successional stage habitat poses a threat to the persistence of reptiles in
the landscape. This is not to say that prescribed fire is unnecessary. For example, it is
still useful for asset protection, to minimise the risk that large areas of long unburnt
vegetation are burnt in a single fire event or to ensure the continued availability of 19-50
year old habitat within the landscape.

Habitat-level responses and the use of expert opinion to identify
functional groups
There has been a growing awareness and acceptance of the importance of
integrating the needs of fauna into fire management (e.g. Clarke 2008; MacHunter et al.
2009; Driscoll et al. 2010). However, worldwide, most fire management strategies still
lack a formal procedure for incorporating fauna into management plans. This is because
data on faunal species’ habitat requirements and the post-fire dynamics of these important
habitat attributes are either fragmentary or simply non-existent (Brown and Smith 2000;
Parr and Chown 2003; Clarke 2008).
A critical component of our project, explored the post-fire dynamics of some
important habitat and fuel elements within the mallee vegetation of south-eastern
Australia across a 110-year chronosequence (Haslem et al. 2010b; Appendix 4)). Our
study highlighted that the post-fire dynamics of habitat and fuel attributes showed
strikingly different patterns, and different levels of fire sensitivity. Important habitat
elements such as leaf litter and Spinifex (Triodia scariosa) increased rapidly after fire and
plateaued or slowly declined, 20-30 years post-fire. In contrast, hollows were not
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predicted to develop in live tree stems until 40 years post-fire. Due to differences in the
post-fire development and fire sensitivity of key habitat elements such as Triodia
scariosa cover and litter cover, species with different habitat requirements may respond
differently to current fire management strategies.
In the absence of empirical data regarding the habitat requirements of many
reptile species, I examined the use of an expert opinion framework for classifying reptiles
into key functional groupings based on their shelter preferences (Chapter 5). This
framework proved to be a fruitful and rapid means of predicting the richness of those
functional groups at a site, based upon the abundance of key habitat attributes at a site.
Combined with a clear understanding of the post-fire development of key habitat
attributes (Haslem et al. 2010b; Appendix 4), the use of expert opinion is a cost-effective
means of rapidly predicting the effect of various management strategies on biodiversity
(Martin et al. 2005; MacHunter et al. 2009).
Expert knowledge in ecology is becoming a popular tool for conservation decision
making where data are lacking (Kuhnert et al. 2005; Martin et al. 2005; Low Choy et al.
2009; Murray et al. 2009; James et al. 2010; Kuhnert et al. 2010). These studies
highlight that expert knowledge can increase the precision of models and facilitate
informed decision-making regarding management actions in a cost-effective manner
(Kuhnert et al. 2010).
Importantly, my study highlighted it was the amount of structure offered by
plants (e.g. litter cover, canopy cover, Triodia cover, number of logs), not the mere
presence of a plant species that was the important habitat surrogate for reptile richness.
This challenges the long-held hypothesis that maintaining floristic diversity will enhance
faunal diversity (Hutchinson 1959) and highlights major limitations in basing fire
management upon just the ‘vital attributes’ (Noble and Slatyer 1980) of plants (e.g. Fire
Ecology Working Group 2004). As the cover of Triodia scariosa was found to be a key
driver of reptile richness, we explored whether managing the landscape for the presence
of this species was sufficient to cater for the needs of reptiles. Using what little data we
have on the vital attributes of T. scariosa, we concluded that the vital attributes of Triodia
(Bradstock 1989; Noble and Vines 1993; Bradstock and Cohn 2002) may be a poor
indicator of the structural development (cover) of Triodia required by many reptiles. This
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example highlights how catering for the needs of plants within a landscape may not
necessarily cater for the needs of reptiles (Clarke 2008).

Mosaic-level responses
Worldwide, the creation of fire mosaics have been frequently advocated (Brockett
et al. 2001; Dellasala et al. 2004; Fuhlendorf and Engle 2004; Bradstock et al. 2005; Parr
and Andersen 2006) to enhance the diversity of taxa such as birds (e.g. Izhaki and Adar
1997; Fuhlendorf et al. 2006), reptiles (e.g. Mushinsky 1992; Masters 1996; Wilgers and
Horne 2006), mammals (e.g. Briani et al. 2004) and invertebrates (e.g. Engle et al. 2008).
Mine was the first study to explore the influence of landscape-scale fire mosaic
properties upon reptile communities. I could find no evidence to support the
“pyrodiversity begets biodiversity” fire management paradigm - there was no effect of
fire-induced habitat heterogeneity on species richness, diversity or community
composition at the landscape scale (1250 ha). Instead, biogeography and its associated
temperature gradient had the greatest influence over mallee reptile richness, diversity and
composition, with the diversity of vegetation types within a mosaic being the next most
influential variable. I acknowledge that fire-induced heterogeneity at finer spatial scales
than those explored in this study may be more relevant to reptiles due to their small home
ranges (e.g. Henle 1990; Read 1998; Read 1999). Analyses at these finer spatial scales
were not the primary aim of the project, since it is not the scale at which fire management
is implemented. However, in an attempt to explore the influence of fire-induced
heterogeneity at finer spatial scales I compared the species richness of sites that were
patchily burnt versus sites that were uniformly burnt. Even at this finer scale, I could find
no evidence that fire heterogeneity was enhancing reptile species diversity.
The significance of these findings are potentially far reaching. Fire management
frameworks worldwide (Brockett et al. 2001; Fuhlendorf and Engle 2004; DSE 2006;
Parr and Andersen 2006; Hamilton 2007) are built upon the assumption that pyrodiversity
begets biodiversity. Yet, in the mallee, at a scale amenable to management, I could find
no evidence to support this assumption. My findings suggest there would be value in
testing this assumption in other fire-prone ecosystems.
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When compared with fire-induced heterogeneity, heterogeneity in vegetation
patches appeared to have a greater influence upon reptile diversity. Mosaics with more
obvious dune-swale systems (with Triodia mallee on the dunes, Chenopod mallee in the
swales), and ‘ecotones’ in between had greater reptile diversity than mosaics with larger
patches of a single vegetation type. These ‘patchier’ mosaics may offer a greater number
of niches in which reptiles may dwell and thus may enhance reptile diversity. Since this
kind of habitat heterogeneity in vegetation types is more likely a consequence of soil type
and topography, rather than fire history, it is not amenable to management.
Understanding species-specific habitat associations at multiple scales is beneficial
when assessing potential impacts of environmental changes such as fire. As was
previously recognised, data on the specific habitat requirements of fauna are either
fragmentary or simply non-existent (Parr and Chown 2003; Clarke 2008). Another
important outcome of the Mallee Fire and Biodiversity Project was our study of the
microhabitat preferences of mallee reptiles (Heffernan et al. in prep; Appendix 13).
Microhabitat was defined as the habitat within a 2.5m radius circle of a pitfall bucket.
Analyses of the influence of various microhabitat attributes upon the presence of four
common reptile species highlighted the importance of the presence of Triodia scariosa,
logs and open ground as microhabitat for these species. In addition, fluorescent pigment
tracking of the same four species was undertaken to directly examine microhabitat use.
The tracking results highlighted the utility of such an approach and revealed that Ctenotus
atlas preferred to utilize Triodia scariosa and avoided areas with litter cover, whilst
Amphibolurus nobbi coggeri preferred to utilize microhabitat that included a good
coverage of litter and avoided areas of open ground. This was the first study to
investigate the microhabitat use of A. nobbi coggeri and the first study to provide
information on the specific movements of C. atlas. Species-specific studies such as this
are vital to increase our understanding of the habitat requirements of fauna as they
provide empirical evidence of the use of important habitat elements, which, combined
with an understanding of the post-fire dynamics of habitat elements, can lead to more
accurate predictions of the effect of disturbances such as fire on individual species.
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Limitations of the study
A critical assumption of the space-for-time substitution method (Pickett 1989) is
that each site in the sequence differs only in time since last disturbance and that each site
has experienced the same history in terms of the abiotic and biotic factors acting upon the
site (Johnson and Miyanishi 2008). The assumption that the study sites differ only in
time since fire and not other factors such as the impact of feral predators, grazing
pressure, and land management history may be invalid. Driscoll et al. (2010) highlights
the need for a greater understanding of how factors such as herbivory, predation, invasive
species and weather interact with fire to alter species’ responses to fire directly, or via
changes to the fire regime.
Grazing negatively influence the establishment and success of mallee
understorey species such as Acacia spp. and Triodia scariosa (Cohn and Bradstock
2000). As grazing alters important vegetation structures, the composition of the fauna
that rely upon these structures for shelter or foraging purposes may also alter. Studies of
the effects of grazing on semi-arid mammals concluded that a major factor contributing to
the decline of native mammals in the region was the impact of grazing by stock (e.g. feral
goats (Capra hircus) and sheep (Ovis aries)) and exacerbated by the invasion and
population explosion of the European rabbit (Oryctolagus cuniculus) (Bennett et al.
1989). In addition, a short-term study by James (2003) in the semi-arid woodlands of
eastern Australia reported the richness and abundance of diurnal reptiles was significantly
lower on heavily grazed sites compared with lightly grazed sites. We were unable to
quantify historical grazing pressure at our study sites, therefore we can make no
inferences regarding the potential influence of long-term grazing history upon mallee
reptile communities, though we acknowledge that it is likely that combined with fire and
rainfall events, grazing may have an influence on mallee reptile richness and
composition.
Based on personal observations (tracks and scats) throughout the reptile trapping
periods, both foxes (Vulpes vulpes) and cats (Felis catus) inhabited the landscapes in
which we were sampling. Reptiles are recognized as a prominent component in the diets
of cats, and, to a lesser extent, foxes (Paltridge et al. 1997; Read and Bowen 2001;
Paltridge 2002). Therefore, differences in the abundance of these predators (i.e.
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predation pressure) at each study site may influence the abundance and diversity of the
reptile community at that site (e.g. Olsson et al. 2005). Unfortunately, we were unable to
quantify ‘predation’ by foxes or cats in our study, so the influence of predation upon
reptile communities at the site scale remains unknown.
Despite these shortcomings, there are a number of reasons why a space-for-time
substitution approach was the most appropriate for the questions we addressed. Firstly,
using a chronosequential approach allowed the project to consider far larger time scales
than would have been possible using an experimental or long-term study approach. The
century-long chronosequence examined in this study (Clarke et al. 2010; Appendix 3)
was unprecedented and has provided valuable new insights into the long-term effects of
fire regimes upon fauna. Secondly, this approach allowed both spatial and temporal
analysis of species distributions and community composition. At present, we have a very
limited understanding of the effects of the spatial arrangement and temporal sequences of
fires (fire mosaics) upon fauna in most systems (Driscoll et al. 2010). This is despite the
fact that most fire management frameworks now aim to maintain a visible ‘mosaic’ of
vegetation patches of differing time since fire status in a landscape (Brockett et al. 2001;
Fire Ecology Working Group 2004; Bradstock et al. 2005; Hamilton 2007). Our
project’s approach enabled the evaluation of the needs of fauna in regards to the spatial
composition and configuration of fire patches in the landscape. The knowledge gained
can then be used to inform plans for future ecological burning and experimental testing of
the predictions of our models within an adaptive management framework. Thirdly, and
perhaps most importantly, decisions about fire management in parks and reserves are
being made now and agencies are relying on research findings to guide policies and fire
management plans. At present, these vital decisions are being made with inadequate
information. The space-for-time substitution method employed by the Mallee Fire and
Biodiversity Project allowed for the rapid and cost-effective generation of insights into
effects of fire on fauna to inform management decisions in the short term. Continued
monitoring of flora and fauna in the long-term is also essential to validate the project’s
findings.
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Future research
This study contributes to the understanding of the effects of fire on reptiles in the
mallee ecosystem. However, significant gaps in our knowledge about the mallee reptile
community remain. One of the major theoretical underpinnings of our understanding of
the effects of fire upon fauna is the habitat accommodation model (Fox 1982). I found
evidence to support this model for mallee reptiles. However, in order to demonstrate that
the relationship between reptile species abundances and the development of habitat
structure is causal, experimental testing of the model is required. To date, the model has
only been tested upon mammals. I recommend experiments that involve the deliberate
manipulation of habitat (e.g. Fox et al. 2003; Monamy and Fox 2010) to ascertain the
direct influence of habitat structure upon mallee reptile communities. Also, species
removal experiments (e.g. Fox and Pople 1984; Thompson and Fox 1993) would need to
be conducted in order to determine the existence of the competitive success of latesuccessional colonists over early successional species (Fox 1982; Monamy and Fox
2010).
We have yet to identify the structural features of the habitat that provide key
resources for the survival and reproduction of most animal species (Clarke 2008). Until
these key features are identified and their post-fire development understood, we have no
way of ascertaining the impact of current or proposed fire management frameworks upon
fauna.
I identified the cover of Triodia scariosa as an important habitat surrogate for
mallee reptile richness. Whilst we now understand the post-fire dynamics of Triodia
scariosa throughout a 110-year chronosequence (Haslem et al. 2010b; Appendix 4), we
know very little about the ‘vital attributes’ (Noble and Slatyer 1980) of this species. As
this plant species seems a key contributor to reptile richness at the site scale, we need a
better grasp on its key life-history characteristics. In addition, we know very little about
the specific characteristics (e.g. height, health) of T. scariosa that are favoured by reptile
species. We only examined the influence of the cover of T. scariosa upon reptile
richness. A more detailed analysis of the influence of this species upon mallee reptiles
should be conducted in order to identify the “ideal’ characteristics of T. scariosa that will
enhance the status of reptiles in the mallee.
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Management policies often identify measures of richness and diversity as
surrogates for ecosystem function or health (e.g. DSE 2006; Thompson and Starzomski
2007; DSE 2008). Whilst a community-based approach (such as the approach in my
thesis) to examining reptile fire responses may provide useful information for managers,
a thorough examination of the abundance, occupancy, life history, dispersal, demographic
rates and behaviour of the individual species of reptiles that comprise the community is
necessary to facilitate a more mechanistic understanding of reptile responses to fire
(Driscoll et al. 2010).
Globally, our knowledge of how species are influenced by the spatial arrangement
and temporal sequences of fires (i.e. the fire mosaic) is poor (Bradstock et al. 2005). The
Mallee Fire and Biodiversity Project explored the influence of fire mosaics by studying
‘whole’ landscapes stratified in relation to the mosaic properties of interest (in our case
the proportion of >35 year old mallee and the diversity of fires in the mosaic) (Radford
and Bennett 2007). An alternative approach to exploring fire mosaics may have been the
‘concentric circles approach’, whereby landscape metrics derived from the area
surrounding a site are correlated with site-level species data (e.g. Lindenmayer et al.
1999). Given that different taxa may respond to fire mosaic properties at different spatial
scales, it was likely that our sampling unit (12km²) was inappropriate for some species. It
would therefore be informative to compare the response of species to fire mosaic
properties across nested spatial scales (e.g. 0.1, 1, 10, 100km²). However, the logistical
challenges of achieving sufficient and representative samples to obtain reasonable
statistical power remain problematic.
Nevertheless, the results from this study contribute to the broader understanding
of fire and its effects on reptiles. While the reptiles I studied appear quite resilient to fire,
these findings are specific to the semi-arid mallee ecosystem of south-eastern Australia.
Communities of reptiles inhabiting other fire-prone ecosystems may have quite different
responses to fire regimes. The multi-taxa, multi-scale, landscape approach undertaken in
this study allowed us to examine the requirements of fauna with regard to the
composition and configuration of fire patches in the landscape. Our approach has
produced an informative, framework for assessing biodiversity that could be applied to
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many other ecosystems to examine fundamental assumptions underpinning fire
management around the world.
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Abstract
Fire is a natural disturbance process that shapes ecosystems world-wide and operates at a
scale that crosses jurisdictional boundaries. There are many benefits from mapping
spatial and temporal fire-history, but in many fire-prone areas accurate fire records and
systematic fire maps are lacking. We used Landsat imagery to map the fire history of the
Murray Mallee region of south-eastern Australia from 1972 to 2007. This semi-arid, fireprone ecosystem extends across three state boundaries. The majority of fires occurred in
tree-mallee vegetation, the dominant vegetation of the region, of which 40% (by area)
was burnt during this period. Although most fires were relatively small (<100 ha), large
fires (>10,000 ha) accounted for majority of the area burnt and were the main influence
on the distribution of fire age-classes in conservation reserves. Within mallee vegetation,
different vegetation types were burned disproportionately, with Triodia Mallee and
Chenopod Mallee being the most and least burnt types, respectively. The distribution of
fire age-classes differed profoundly between reserves and across the three states,
highlighting the need to manage fire-prone landscapes at an ecologically-meaningful
regional-scale that crosses jurisdictional boundaries, rather than just at the reserve or state
scale. Prior to our study there was a perception that very large fires occurred in this
habitat on a roughly decadal cycle following years of above-average rainfall (Noble and
Vines 1993; Morelli and Froward 1996; Wilson 1999). However, our spatially-explicit
analyses revealed that although large fires did occur on a roughly decadal cycle, they
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were not tightly associated with years of above-average rainfall and that less than 5% of
tree-mallee vegetation experienced more than one fire in the 35-year study period.

Introduction
Fire is a fundamental process in ecosystems throughout the world (Bowman et al. 2009),
shaping vegetation structure and composition (Cleary and Gennert 2004; Bond and
Keeley 2005). Fire is a landscape-scale, natural disturbance with spatial and temporal
characteristics to which biota in fire-prone ecosystems demonstrate many adaptations.
Anthropogenic changes to fire regimes affect biodiversity (Keeley and Fotheringham
2001) and inappropriate fire regimes have been identified as a threatening process for
species in fire-affected systems (Woinarski and Fisher 2003, Letnic and Dickman 2006).
However, there is limited information on the requirements of many animal and plant
species with regards to both temporal and spatial characteristics of fire regimes (Parr and
Brockett 1999, Clarke 2008, Driscoll et al. 2010) and, despite recognition of the
importance of fire, the fire history of many ecosystems is poorly known (Whelan 2009,
Wittkuhn et al. 2009).

Accurate fire histories are required for both ecological research and land management
(Whelan 2009). Although they may lack detailed information, land managers are required
to make decisions about issues such as fire suppression and prescribed burning, and
resulting fire management strategies have the potential to alter fire regimes in ways that
advantage, or disadvantage, the biota (Stephens and Ruth 2005). Production of accurate
fire history maps has been aided by the use of satellite imagery to remotely sense fire
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scars (e.g. Russell-Smith et al 1997, Hudak and Brockett 2004, Roder et al. 2008, Gill et
al. 2000, Greenville et al. 2009). The utility of fire maps depends on the scale of the
imagery used to map the fires and the scale on which the data were mapped and analysed
(Morgan et al. 2001). Spatial resolution of maps is important to detect patchiness of fires
(Gill et al. 2000, Hudak and Brockett 2004, Yates et al. 2008).

Fire maps have many benefits. They provide data on the spatial characteristics of fire
such as size (Haydon et al. 2000), spatial distribution (Haydon et al. 2000, Díaz-Delgado
et al. 2004) and identification of unburnt islands (Díaz-Delgado et al. 2004). Data from
fire maps have also been used to determine fire frequency (Lloret et al. 2002), link fire to
environmental variables (Morgan et al. 2001) and determine the susceptibility of different
vegetation types to fire (Lloret et al. 2002, Díaz-Delgado et al. 2004).

Fire maps assist land managers to identify fire-prone areas (Morgan et al. 2001; DíazDelgado et al. 2004) and guide resource management, particularly fuel management
(Morgan et al. 2001; Bowman et al. 2003). Fire maps are used to determine historic fire
regimes (Minnich 1983; Keeley et al. 1999) and plan appropriate burning regimes
(Haydon et al. 2000; Morgan et al. 2001). Accurate fire maps can be used to evaluate the
success of fire suppression and fuel management activities and their impact on the overall
fire regime of the area (Minnich 1983; Keeley et al. 1999; Díaz-Delgado et al. 2004), as
well as identifying gaps in knowledge of fire regimes for further study (Morgan et al.
2001). Furthermore, fire mapping and subsequent management must occur at the scale at
which fire operates in the landscape. Fire is a landscape-scale phenomenon that
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commonly operates across jurisdictional boundaries. The meta-populations of organisms
affected by fire also extend across boundaries, with some of these organisms threatened
with extinction. Nevertheless, it is common for fire analysis and planning to be confined
to individual jurisdictions or even reserves (Willson 1999, Department of Sustainability
and Environment 2008), as if the fire history and seral stage distribution of habitats in
neighbouring states, or even adjoining reserves were of little relevance.

Our focus is on the fire history of the semi-arid Murray Mallee region of south-eastern
Australia, a highly fire-prone region (Bradstock and Cohn 2002). It is characteristic of
many regions where knowledge of fire history is essential for land management and
conservation of biodiversity. In this region, inappropriate fire regimes have been
identified as a key threatening process for some taxa (e.g. Black-eared Miner Manorina
melanotis, Mallee Emu-wren Stipiturus mallee), and because this region spans several
states (Victoria, New South Wales, South Australia), there is a need for coordinated fire
planning across jurisdictional boundaries. Mapping of fire history has been undertaken in
each state but not in a consistent manner, or at a consistent scale, leading to limitations in
the capacity to interpret fire history across the region. For example, the spatial resolution
and accuracy of mapping was frequently inadequate to identify small unburnt islands,
which may be important sources for recolonisation by fauna, and geographic
inconsistencies occur, such as whether or not fires on private land were mapped.

The aim of this study was to produce a consistent fire history map for the Murray Mallee
region, spanning jurisdictional boundaries, as a basis for analysis of the fire history of the
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area. Specific objectives were to 1) establish the age-class distribution of mallee
vegetation across jurisdictional boundaries, 2) determine changes in fire patterns over the
last three decades, 1972 to 2007, and 3) calculate fire intervals typical of mallee
vegetation in this ecosystem and 4) examine the relationship between the occurrence of
large fires and rainfall patterns.

Methods
Study area
The study area is the Murray Mallee region of Victoria, New South Wales and South
Australia, an area of some 104,000 km2. The word ‘mallee’ describes the multiple aerial
stems that emerge from a lignotuberous rootstock of eucalypts, as well as being a general
term for areas that are dominated by eucalypts of this form (Noble 1984). Climatic
conditions are semi-arid with annual rainfall between 220-330 mm (raw data supplied by
the Australian Bureau of Meteorology) with high summer temperatures (mean daily
maxima ≥32°C) and mild winters (mean daily maxima 16°C) (LCC 1987). The broad
characterisation of the mallee landforms is one of dune-swale geomorphology with
variable soil types underlying different areas (Noble 1984; Bradstock and Cohn 2002).

Vegetation communities in the Murray Mallee vary with both climate and soil type
(Noble 1984). On sandy soils, the vegetation typically comprises an overstorey of mallee
eucalypts and an understorey of hummock grasses (Triodia and Austrostipa species) or
sclerophyllous shrubs (Melaleuca spp., Leptospermum spp. and Acacia spp.) (Parsons
1994). On heavier clay or loamy soils, mallee eucalypts occur over an understorey of
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chenopod or succulent shrubs are found on the loamy soils (Parsons 1994). Mallee
vegetation types had not previously been described or mapped consistently across all
three states in the study region. We used cluster analysis of floristic data from 713 sites
to identify four broad vegetation types that occur in tree mallee, three of which were able
to be mapped reliably across the region; Triodia Mallee, Chenopod Mallee and Heathy
Mallee (Haslem et al. 2010a). Triodia Mallee is dominated by Eucalyptus dumosa and E.
socialis with an understorey of the hummock grass Triodia scariosa. Chenopod Mallee is
characterised by an overstorey of E. oleosa subsp. oleosa and E. gracilis and a range of
low shrubs in the lower strata, including Olearia spp., Zygophyllum spp. and chenopod
species such as Maireana pentatropis, Enchylaena tomentosa var. tomentosa and M.
pyramidata. Heathy Mallee is characterised by E. costata subsp. murrayana and Callitris
verrucosa with ground strata commonly dominated by a diverse range of small woody
shrubs, including heathy species such as Phebalium bullatum, Cryptandra tomentosa and
Spyridium subochreatum var. subochreatum. Other (non-mallee) vegetation types include
heathlands, broombush (Melaleuca uncinata) dominated shrubland, and woodlands
dominated by Slender Cypress-pine (Callitris columellaris), Buloke (Allocasuarina
luehmanni and Belah (Allocasuarina cristata) (Land Conservation Council 1987).

Fire mapping
Satellite imagery was acquired from Landsat Multispectral Scanner (MSS) (prior to 1989)
and Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+)
(1989-2005) images. These data were available for the entire study area for 14 epochs
(1972, 1977, 1980, 1985, 1988, 1989, 1991, 1992, 1995, 1998, 2000, 2002, 2004, 2005
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and 2007). Therefore, the total dataset of 15 images from 1972-2007 allowed the fire
history of the 35 year period from 1972-2007 to be investigated. The time interval
between consecutive images ranged from 1-5 years.

Pre-processing of the satellite data was completed by the Department of Climate Change
(see Furby 2002 for detailed methods) Pixel size was re-sampled to 50 m for Landsat
MSS and 25 m for Landsat TM and ETM+.

We used ENVI 4.2 geographic information system (GIS) software to create false colour
composite images from three consecutive Landsat images. We used band 4 (far infrared)
of Landsat MSS images and band 7 (middle infrared) of Landsat TM and ETM+ images
(Haydon et al. 2000). The resulting chronosequence depicted major disturbances to
vegetation (fire or extensive clearing) in a consistent and unique colour for each of the
two time periods in the chronosequence. Generally, fire scars were easily distinguished
from vegetation clearance by the distinctive pattern of a fire, compared with clearing
which is commonly performed in a geometric pattern. Additionally, vegetation clearance
was usually a permanent change, as opposed to fire scars which showed signs of recovery
in subsequent images.

Fire boundaries were digitised on-screen and by linking the chronosequence to images of
pre-and post fire, it was possible to confirm the fire scar and time-period in which it
occurred. The minimum patch size recorded was four pixels, for both fires and unburnt
islands within fires. The image interpretation process aimed to smooth edges around pixel
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boundaries and fire boundaries are estimated to be accurate to within 1 pixel. Due to the
size of the study area, images were mapped by multiple experts. All data layers were
checked by one data manager.

The resulting polygons of fire scars were exported to ArcView 9.2 for checking and to
add attribute data. Fire patches were initially dated to the satellite images between which
the fire occurred (e.g. 1972-1977, 1992-1995). To obtain a more precise date and other
details of the fire, all fires were compared with existing spatial data from state agencies in
Victoria (DSE) and South Australia (DEH), and fire history information in relevant
government reports and people with local knowledge were consulted. A precise fire year
was able to be assigned to 593 (18.2%) of the total 3847 fire patches mapped across the
study area.

Often a single fire event was represented by multiple polygons, due to minor
discontinuities in fuels or fire spotting close to the fire front. State agency data assisted in
grouping many fire polygons into single fire events. Where a fire was not mapped by the
state agency, all polygons mapped between the same image start and end date, and within
500 m of each other, were considered to belong to the same fire event. For fires over
1,000 ha, polygons within 3 km were considered part of the same fire event, as spotting
from larger fires is likely to occur over a greater distance (Sandell et al. 2006).
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Large fires
Large fires (>10,000 ha) were analysed in more detail as these accounted for 84% of the
area of tree mallee vegetation burnt during the study period. Exact dates and the source of
ignition were attributed to each large fire using existing agency fire maps, published
literature and information from land managers and local residents. To investigate the
relationship between these large fires and rainfall patterns, long-term rainfall data were
sourced from the Mildura Airport weather station (Bureau of Meteorology data). For each
large fire, associated rainfall was quantified in a number of ways: yearly rainfall total,
cumulative monthly rainfall (12 month moving total of monthly rainfall), residual yearly
rainfall (actual yearly rainfall taken from the mean) and cumulative residual monthly
rainfall. The data were explored with scatterplots using three response variables:
presence/absence of large fires per year, number of large fires per year, and total area
burnt by large fires each year. Exploratory analysis of the data indicated that statistical
models of the relationship between large fires and rainfall would be strongly influenced
by one or two data points, and so a descriptive approach was used.

Area reburnt
The area of vegetation that experienced more than one fire during the 35 year period of
the study was calculated by investigating the area of overlap of fire polygons between
epoch intervals. Using the ArcMap union tool, overlapping fire polygons from successive
epochs were broken into smaller polygons each with a unique fire history. This enabled
analysis of the area which had incurred more than one fire during the time frame. Fire
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intervals were calculated using the midpoint of the epoch between consecutive satellite
images, as many fires were not able to be attributed an exact date of occurrence.

Results
A total of 1,060 separate fires were mapped in the study region for the period 1972-2007
(Fig 1). Sixteen fires were greater than 10,000 ha and three burnt over 100,000 ha.
Generally, however, fires were relatively small, with the vast majority less than 100 ha
(Fig. 2). The result of these fires was that during this period, 14% of the study area
experienced at least one fire (Fig. 1). Most fires occurred in tree mallee vegetation (89%)
(cf non-mallee vegetation) and they burned an area equivalent to 40% of the total amount
of such vegetation in the region.

The largest fires occurred during the decade of the 1970s (Fig. 1). The overall area
burned has been less in later decades, but the number of fires per year has increased (Fig.
3a,b).

220

Appendix 1: Avitabile et al. (in prep.)

Fig. 1. Fire history map of the Murray Mallee region, south-eastern Australia, from 19722007. Fire scars are grouped into decades. Unburnt mallee vegetation is shown in lightest
grey, and white areas are non-mallee vegetation, cleared or agricultural land. Reserves
outlined are 1 Danggali Conservation Park, 2 Calperum Station (Bookmark Biosphere), 3
Gluepot Reserve, 4 Taylorville Station (Bookmark Biosphere), 5 Billiat Conservation
Park, 6 Murray-Sunset National Park, 7 Hattah-Kulkyne National Park, 8 Mallee Cliffs
National Park, 9 Petro Reserve, 10 Lethro Reserve, 11 Tarawi Nature Reserve, and 12
Scotia Sanctuary.

221

Appendix 1: Avitabile et al. (in prep.)

Proportion of all fires detected

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
0-10

10-100

100-1000

1000-10,000

10,000100,000

>100,000

Fire area (ha)

Fig. 2. The relative occurrence of fire size-classes mapped for the Murray Mallee region,
1972-2007.
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Fig. 3. a) Area (ha) burnt in each decade since 1972, b) number of fires in the region in
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each decade are also shown.
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Comparison between vegetation types
Within tree mallee, four vegetation types were mapped (Triodia Mallee, Chenopod
Mallee, Heathy Mallee and Non-Mallee vegetation) and the areas burnt in each were
calculated for each image layer. Triodia Mallee had the greatest area burnt, compared to
other vegetation types, in all but one epoch interval (1985-1988, Fig. 4). The largest area
of Triodia Mallee was burnt in 1972-1977, with relatively small areas burnt since then.
The largest area of Heathy Mallee was burnt in 1985-1988 and this also represented the
most burnt vegetation type in this period. Chenopod Mallee was the least burnt vegetation
type in any time period.
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Fig. 4. Area (ha) of each vegetation type burnt in the mallee in satellite image layers from
1972-2007.
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Fire age-class distribution
The distribution of fire age-classes in tree mallee was examined at the scale of individual
conservation reserves, for the region as a whole, and comparing between states
(jurisdictional areas). At the reserve scale, there were marked differences in fire ageclass structures (Fig. 5). While many reserves are dominated by the 35+ years fire ageclass (e.g. Hattah-Kulkyne National Park, Calperum Station and Tarawi Nature Reserve),
some reserves experienced large fires that resulted in markedly different age-class
distributions (e.g. Billiat Conservation Park, Taylorville Station). Murray-Sunset National
Park (Victoria) had the most even age-class distribution.

When considered at the regional scale, 60% of tree mallee vegetation had not been burnt
for more than 35 years, with smaller percentages in the other age classes.

A comparison between states revealed differences in the distribution of fire age-classes ,
with Victoria having a broader spread across all fire age-classes than the other states (Fig.
6). South Australia had the largest percentage area of long unburnt (>35 years) mallee.
Not only did South Australia have more than twice the area of long unburnt mallee than
Victoria (894,342ha v. 346,312ha), the spatial aggregation of this fire age class was quite
different (Fig. 1). The long unburnt area in Victoria was distributed as small patches
between the multiple fire scars across Murray-Sunset NP, whereas in South Australia
there were very large patches of long unburnt mallee. The distribution of mallee
vegetation in New South Wales is more dissected by other vegetation types and cleared
land than the blocks of mallee in South Australia and Victoria. Consequently, patches of
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mallee in NSW were more likely to be of a single age class than patches in the other
states (Fig 1).
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Fig. 5. Fire age class structure in conservation reserves and parks of the Murray Mallee
region; fire age-classes (years since last fire) are broadly in decades, constrained by
available satellite image layers (> 35 years = unburnt since the earliest image in 1972).
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Fire intervals
Relatively little tree-mallee vegetation (2.3% of area) has been burnt more than once

% area of tree mallee burnt

since 1972 (Fig. 7), although this is equivalent to a total area of 74,598 ha.
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Fig. 7. Percentage area of tree-mallee vegetation that has not been burnt during 19722007, and the area burnt from 1-4 times. Note that areas burnt 3 and 4 times each
constitute less than 1% of all tree-mallee vegetation.

Of the small area that experienced more than one fire, the average inter-fire interval for
patches burnt twice was 21+ 8 years in Triodia Mallee and 18 + 8 years in both Heathy
and Chenopod Mallee, although there was less re-burnt area in the latter two vegetation
types than Triodia Mallee. Most areas of Triodia and Chenopod Mallee that experienced
two fires had intervals of 20-32 years (Fig. 8). Heathy Mallee areas had more evenly
distributed intervals of 10-32 years.
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Fig. 8. Distribution of the inter-fire intervals of fire patches in each mallee vegetation
type burnt twice during 1972-1977; TM Triodia Mallee, HM Heathy Mallee, CM
Chenopod Mallee.

Large fires
Sixteen large fires of >10,000 ha occurred between 1972 and 2007 (Table 1). Eight
occurred in the 1970s, with the largest fire (>650,000 ha) occurring in New South Wales.
Six of the large fires occurred in Murray-Sunset National Park, Victoria. With one
exception, all the large fires were during late spring or summer and were ignited by
lightning strikes. The exception began as a prescribed fire during September, but escaped
control and burnt approximately 25,000 ha.

There was no obvious relationship between large fires and rainfall (Fig. 9). Large fires
have occurred in years following increased rainfall, however not all years of high rainfall
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were followed by fire (Fig. 9). Furthermore, large fires also occurred during drought
years and so are not restricted only to wet periods. Thus, the relationship between large
fires and increased rainfall was variable, precluding identification of strong trends.
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Table 1. Details of sixteen large fires (>10,000 ha) that occurred in the Murray Mallee region during 1972-2007.
For each fire, the year and month of occurrence, type of fire, area burnt (ha) and the proportion of each vegetation type burnt within
the fire is shown.

Year
1974
1975
1975
1975
1975
1975
1975
1976
1976
1976
1980
1984
1985
1988
2006
2006

State
NSW
NSW
NSW
NSW
Vic
Vic
SA
Vic
Vic
Vic
Vic
SA
Vic
SA
Vic
SA

Month

Fire type

Nov
Jan
Jan
Jan
Feb
Nov
Dec
Nov
Nov
Nov
Dec
Dec
Jan
Jan
Sept
Nov

W
W
W
W
W
W
W
W
W
W
W
W
W
W
PB/W
W

Overall area
burnt (ha)
657987
19355
20271
38069
45788
21272
10402
13371
13493
12664
124366
44109
10773
52972
24763
118783

CM
12
<1
<1
14
38
63
26
11
4
66
8
74
11
<1
6
14

Vegetation types (% of burn)
HM
TM
0
68
0
80
0
81
0
80
0
58
0
35
0
48
<1
87
<1
92
<1
31
25
65
0
19
1
61
96
<1
82
10
0
81

NM
18
18
17
5
3
1
25
1
3
1
<1
5
25
3
<1
3

W = WILDFIRE, PB = PRESCRIBED BURN, CM= CHENOPOD MALLEE, HM = HEATHY MALLEE, TM = TRIODIA MALLEE, NM = NON-MALLEE VEGETATION

.
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Fig. 9. Relationship between large fires in the study region between 1972-2007; the area
of tree-mallee vegetation burnt (ha; bars), cumulative total of previous 12-month rainfall
(mm. solid line) and long-term average annual rainfall (mm; dotted line)
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Discussion
Vegetation communities
Our study highlights the value of combining fire history mapping with regional
vegetation mapping to identify the different propensities of different vegetation types to
ignite and carry fire. For example, the fact that Chenopod Mallee is less flammable and
less likely to re-burn in a given period than Triodia Mallee can be used when considering
the strategic placement of prescribed burns whose aim is to pull up the run of large fires
by capitalising on the inhibitory effect of some vegetation types on fire spread. Prior to
our study, a lack of consistent region-wide vegetation and fire history mapping impeded
the application of such basic information in fire planning.

Fire age class distribution
Our study highlights the need to consider the management of fire-prone landscapes at
ecologically-meaningful regional scales that cross jurisdictional boundaries, rather than
just at the reserve or state scale; which is currently the common practice world-wide. The
temporal and spatial distribution of the fire age classes across the landscape differed
between reserves and states. If the distribution of the fire age classes in all reserves in a
region is being managed in isolation, then undesirable ecological outcomes could
inadvertently arise. For example, the Black-eared Miner (Manorina melanotis) requires
very large continuous areas of long unburnt mallee (Clarke et al. 2005; Taylor et al.
unpublished data). Perhaps not surprisingly, given the fire history of the region, it
maintains a stronghold in the large blocks of long unburnt mallee in South Australia,
(Clarke et al. 2005), but is now rarely recorded in Murray-Sunset National Park, where
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patches of long unburnt mallee are more fragmented. If managers of the South Australian
reserves did not appreciate the regional scarcity of large blocks of long unburnt mallee,
local planning decisions could be made to the detriment of regionally endemic
endangered fauna, like the Black-eared Miner. It is important that the management of
ecological assets like long unburned habitat is considered across the whole of a region,
and not in isolation.

Changes in fire patterns
Fires in the Murray Mallee region became more frequent, but burnt less area between
1972 and 2007, reflecting an increase in the number of small fires and a decrease in the
number, and area, burnt by large fires This result contrasts with findings in many
Mediterranean systems worldwide where large fires have increased in frequency (e.g.
California: Keeley et al. 1999, Minnich 1983, Spain: Díaz-Degaldo et al. 2004, Pausas
2004). Nevertheless, infrequent large fires still accounted for the majority of area burnt in
the mallee, as well as elsewhere in Australia (Haydon et al. 2000, Yates et al. 2008),
California (Keeley et al. 1999, Moritz 1997), South Africa (Van Wilgen 1987) and Spain
(Díaz-Delgado et al. 2004, Röder et al. 2008).

The decline in the area burnt by large fires in the Murray Mallee in recent years could be
explained in several ways. The apparent trend might be an illusory consequence of
sample period of an inadequate length (only 35 years). It may reflect low fuel production
due to a combination of few years of above average rainfall and an abundance of years of
drought during the later half of the study period. Increased rainfall during the preceding
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seasons has been positively correlated with increased area burnt in arid areas of Israel
(Levin and Saaroni 1999), Spain (Littell et al. 2009) and Australia (Bradstock 2009). In
Mediterranean systems, fire activity and area burnt were positively associated with
periods of drought (Keeley and Zedler 2009, Roder et al. 2008). The extensive fires in the
mallee in 1974/75 were associated with above average rainfall during 1973 and 1974
which led to widespread growth of speargrass (Austrostipa spp.) (Noble et al.1980). The
resulting continuity of fuel was considered a key factor in the large scale fires that
occurred across New South Wales (Noble et al. 1980). However, these 1970s fires are the
only clear occurrence of this link between increased rainfall and large fires. The large fire
in South Australia in 2006 was during a period of severe drought. That mallee occurs in
the semi-arid climatic zone (250-400 mm pa) may account for it exhibiting a fire history
pattern somewhere intermediate between arid or Mediterranean systems, at least during
the 35 year history used in this study.

It is possible that the decline in the area burnt by large fires in the Murray Mallee in
recent years is a consequence of successful preventative measures (prescribed burning)
and active suppression during this period. However, there appears to have been no
published quantitative examination of the degree to which different prevention or
suppression methods have worked under particular fire conditions. Such analyses are
inhibited by poor record keeping of the location, extent and nature of past prevention and
suppression methods during much of the study period. Therefore, it was impossible to
even determine if there was correlation between the extent and incidence of large fires

234

Appendix 1: Avitabile et al. (in prep.)
and extent of prescribed burning in the region, as the latter was not consistently
documented in any state.

Fire patterns in the mallee
The pattern of fire in the mallee over the past 35 years has been one of infrequent large
fires ignited by lightening in late spring or summer. Despite our study encompassing an
area equivalent to almost three times the entire nation of Belgium, there were insufficient
data to directly determine an unbiased estimate of the average fire interval in mallee ,
since such a small percentage of the study area (<3%) experienced two or more fires
during the study period. This suggests the average inter-fire interval is well beyond 35
years and that burning at a site more than once within such a period is the exception,
rather than the rule. Such a finding is consistent with an earlier study (Clarke et al. 2010)
which found numerous mallee sites within the Murray Mallee had remained unburnt for
over 100 years. This finding appears to be in conflict with authors who have postulated a
decadal incidence of large fires in this landscape (Bradstock and Cohn 2002). However,
although there may well be a large fire somewhere in the region on a roughly decadal
basis, our data indicate it is extremely rare for any particular site to be burnt more than
once in a 35 year period, and many sites remained unburnt for well over 100 years
(Clarke et al. 2010). Given the slow rate at which some key habitat features develop in
this landscape (e.g. tree hollows in live stems take at least 50 years to form, Haslem et al.
in prep.), it would be remarkable if species reliant on such features could persist if the
natural mean inter-fire interval was less than 35 years. This highlights the need to
understand which fire-sensitive features of the habitat fauna are reliant upon, the rate at
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which those features develop post-fire and how fire management practices will change
the inter-fire interval across the landscape.

While mallee fauna and flora may have adaptations to cope with the ‘typical’ past pattern
of infrequent large fires in the late spring or summer, habitat fragmentation and the
resultant isolated nature of some reserves, as is typical in many regions of the world,
make it undesirable to now allow large proportions of a reserve to burn in a single event,
since sources of re-colonists following fire may be lacking. However, the degree to which
such large fires homogenise landscapes is debateable (Bradstock 2008). While large fires
often occur during extreme weather, there is some evidence to suggest that they do not
necessarily result in a homogenous landscape and may leave unburnt areas as the result of
changing weather conditions and spotting ahead of the fire front (Díaz-Delgado et al.
2004, Haydon et al. 2000). In an on-ground assessment of 835 sites across our study area
(Mallee Fire and Biodiversity Project unpubl data), 30% of sites had been patchily burnt
at a scale that was not possible to detect using satellite imagery (with 30 x 30 m pixels)
but was evident on the ground. While such fine scale habitat heterogeneity may have
positive implications for fauna, particularly those with small home ranges such as reptiles
and invertebrates, a precautionary approach to fire management in isolated reserves
would still be to take measures to reduce the risk of large fires burning the majority of a
reserve.
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Family

Species name

Common name

Agamidae

Amphibolurus nobbi
coggeri
Ctenophorus pictus
Ctenophorus fordi

Nobbi dragon

Pogona vitticeps

Brachyurophis
australis
Demansia psammophis

Elapidae

Shelter
preference
(Proposed)
Litter_bark

Shelter (Peter Roberston’s comments)

Central bearded dragon

Burrow_soil
Triodia
dependent
Litter_bark

Shallow burrows
During active period shelters in Triodia and dense low shrubs;
in winter buries in sand away from Triodia
Dense litter and logs, sometimes Triodia. Occasionally
shallow burrows or uses rabbit burrows

Coral snake

Burrow_soil

Burrows through soil – not a formed burrow

Burrow_soil

Dense litter and low shrubs, sometimes Triodia

Litter_bark
Litter_bark

Dense litter and low shrubs, sometimes Triodia
Burrows through soil – not a formed burrow

Pseudonaja modesta

Yellow-faced whip
snake
Bardick
Mitchell’s short tailed
snake
Ringed brown snake

Burrow_soil

Pseudonaja nuchalis

Western brown snake

Burrow_soil

Suta suta
Vermicella annulata

Curl snake
Bandy Bandy

Litter_bark
Burrow_soil

Dense litter and low shrubs, sometimes Triodia, may make use
of soil crevices
Dense litter and low shrubs, sometimes Triodia, may make use
of soil crevices
Soil crevices, sometimes dense litter
Burrows through soil – not a formed burrow

Diplodactylus
damaeus
Diplodactylus
steindachneri
Diplodactylus vittatus
Gehyra variegata
Heteronotia binoei

Beaded gecko

Burrow_soil

Uses invertebrate burrows, can dig short burrows itself

Box patterned gecko

Burrow_soil

Wood gecko
Tree dtella
Bynoe’s gecko

Burrow_soil
Litter_bark
Burrow_soil

Uses invertebrate burrows, may dig short burrows itself.
Dense litter, possibly soil crevices
Dense litter and logs. Sometimes invertebrate burrows
Under tree bark and in tree crevices
Under ground debris, occasionally uses burrows of other

Echiopsis curta
Parasuta nigriceps

Gekkonidae

Painted dragon
Mallee dragon

Dense litter at base of mallee trees
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Oedura marmorata
Rhynchoedura ornata
Stophurus elderi

Smooth knob-tailed
gecko
Marbled velvet gecko
Beaked gecko
Jewelled gecko

Strophurus spp.

Spiny-tailed gecko

Aprasia inaurita

Nephrurus levis

Pygopodidae

Scincidae

Burrow_soil

animals
Burrows, may utilise rabbit burrows as well

Litter_bark
Burrow_soil
Triodia
dependent
Litter_bark

Under tree bark and in tree crevices/hollows
Invertebrate burrows
Within Triodia

Burrow_soil

Delma australis

Pink-nosed worm
lizard
Southern legless lizard

Delma butleri

Butler’s legless lizard

Lialis burtonis
Pygopus lepidopodus

Burton’s snake lizard
Common scaly-foot

Triodia
dependent
Litter_bark
Litter_bark

Burrows through soil – not a formed burrow. Utilises ant
galleries
Within Triodia and in thick litter or other ground debris.
Occasionally invertebrate burrows
Within Triodia

Pygopus schraderi

Eastern hooded scalyfoot

Litter_bark

Within Triodia and in thick litter or other ground debris
Within Triodia and in thick litter or other ground debris. May
utilise soil crevices
Invertebrate burrows and soil crevices

Cryptoblepharus
carnabyi (NOW C .
pannosus)
Cryptoblepharus spp.
Ctenotus atlas

Carnaby’s Wall skink

Litter_bark

Under tree bark and in tree crevices

Cryptoblepharus spp.
Southern Mallee
Ctenotus
Murray striped skink
Brooks’s striped skink

Litter_bark
Burrow_soil

Under tree bark and in tree crevices
Within Triodia, burrows beneath hummocks

Burrow_soil
Burrow_soil

Within Triodia, burrows beneath hummocks
Constructs burrows

Eastern striped skink
Regal striped skink
Barred wedge-snout
Ctenotus
Spinifex slender blue-

Burrow_soil
Burrow_soil
Burrow_soil

Constructs burrows, often under logs
Constructs burrows, often under logs
Constructs burrows

Triodia

Within Triodia

Ctenotus brachyonyx
Ctenotus brooksi iridis
(NOW C. taeniatus)
Ctenotus orientalis
Ctenotus regius
Ctenotus schomburgkii
Cyclodomorphus

Litter_bark

S. intermedius shelters within Triodia, within low to medium
shrubs, and under bark of pines. S. williamsi is apparently
mainly under bark of trees.
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dependent
Burrow_soil
Litter_bark
Burrow_soil

Permanent deep burrows
Hollow trees, tree crevices and under tree bark
Burrows through soil – not a formed burrow.

Burrow_soil

Burrows, and under ground debris
Within Triodia

Lerista aericeps

Triodia
dependent
Burrow_soil

Lerista bougainvillii

Bougainville’s skink

Burrow_soil

Lerista labialis

Lerista labialis

Burrow_soil

Lerista muelleri
Lerista punctatovittata

Litter_bark
Burrow_soil

Tiliqua rugosa aspera

Mueller’s Skink
Spotted burrowing
skink
Grey’s skink
Boulenger’s skink
Obscure skink
Western blue-tongued
lizard
Stumpy-tailed lizard

Ramphotyphlops
bicolour
Ramphotyphlops
bituberculatus
Varanus gouldii

Dark-spined blind
snake
Prong-snouted blind
snake
Sand goanna

Burrow_soil

melanops
Egernia inornata
Egernia striolata
Eremiascincus
fasciolatus
Eremiascincus
richardsonii
Hemiergis millewae

tongue
Desert skink
Tree skink
Narrow-banded
sandswimmer
Broad-banded
sandswimmer
Millewa skink

Lerista aericeps

Menetia greyii
Morethia boulengeri
Morethia obscura
Tiliqua occipitalis

Typhlopidae

Varanidae

Litter_bark
Litter_bark
Litter_bark
Burrow_soil
Litter_bark

Burrows through soil and within fine litter – not a formed
burrow.
Burrows through soil and within fine litter – not a formed
burrow.
Burrows through soil and within fine litter – not a formed
burrow.
Burrows within fine litter and under ground debris.
Burrows through soil and within fine litter – not a formed
burrow.
Dense litter and within Triodia
Dense litter, buries in surface layer
Dense litter and within Triodia, buries in surface layer
Dense litter and within Triodia

Burrow_soil

Dense litter and within Triodia and low shrubs, may use rabbit
burrows
Burrows through soil – not a formed burrow. Also ant
galleries
Burrows through soil – not a formed burrow. Also ant galleries

Burrow_soil

Burrows
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Appendix 6: Rainfall and temperature experienced during 20 nights trapping at each
study mosaic

a)

b)

Figure 1. Boxplots showing the median (a) minimum and (b) maximum daily
temperatures (ºC) experienced during the 20 nights trapping at each mosaic. The bottom
of each box represents the 25th percentile, while the top of each box represents the 75th
percentile. The whiskers indicate the maximum and minimum temperatures experienced
at each mosaic during the 20 nights of trapping.
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Figure 2. The number of rainfall nights (rainfall events) during 20 nights trapping at each
of the study mosaic
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Appendix 7: Spence-Bailey LM, Nimmo DG, Kelly LT, Bennett AF and Clarke MF
(2010) Maximising trapping efficiency in reptile surveys: the role of seasonality, weather
conditions and moon phase on capture success. Wildlife Research 37: 104-115
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Figure 1 Species accumulation curves of reptiles captured after 20 nights trapping at
mosaics 1 (a) to 14 (n), generated using PRIMER Version 6.1.6
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Figure 2 Species accumulation curves of reptiles captured after 20 nights trapping at
mosaics (a) 15 through to (n) 28, generated using PRIMER Version 6.1.6
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Appendix 9: Spence-Bailey LM and Nimmo DG (2008) A new record of the endangered
Bardick, Echiopsis curta, in south-western New South Wales. Herpetofauna 38: 17-21
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Appendix 10: Nimmo DG, Spence-Bailey LM and Kenny SA (2008) Range extension of
the Millewa Skink Hemiergis millewae in the Murray-Sunset National Park, Victoria. The
Victorian Naturalist 125: 110-113
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Appendix 11: SIMPER and ANOSIM results for Chapter 6
Table 1 Results of ANOSIMs and SIMPERs testing for differences in reptile
assemblages in Triodia mallee (TM) and Chenopod mallee (CM). TM similarity =
similarity of assemblages at sites within TM; CM similarity = similarity of assemblages
at sites within CM; Dissimilarity = dissimilarity of assemblages between TM and CM
sites.
Response group
All reptiles
Litter-dwelling species

R-value
0.178
0.036

p- value
0.001
0.072

TM similarity
42.8
24.7

CM similarity
42.4
30.2

Dissimilarity
62.8
76.1

Table 2 The average abundance (average captures per site in each vegetation type ± S.E.)
of various reptile species at sites within different vegetation types. TM = Triodia mallee;
CM= Chenopod mallee.

Species name
Ctenophorus fordi
Ctenotus atlas
C. brachyonyx
Diplodactylus damaeus
D. vittatus
Egernia inornata
Gehyra variegata
Lerista punctatovittata
Menetia greyii
Morethia boulengeri

TM
Average
abundance
4.31 ± 0.40
1.63 ± 0.21
1.31 ± 0.11
4.63 ± 0.38
0.73 ± 0.10
2.34 ± 0.22
0.13 ± 0.03
1.61 ± 0.12
0.88 ± 0.09
0.10 ± 0.02

CM
Average
abundance
0.46 ± 0.16
0.11 ± 0.05
0.18 ± 0.06
2.90 ± 0.38
1.07 ± 0.15
0.44 ± 0.13
0.63 ± 0.15
2.32 ± 0.26
1.21 ± 0.18
0.60 ± 0.09
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Table 3 Results of SIMPER analyses showing those species that made the largest
contributions to dissimilarity of reptile species assemblages between landscapes north (N)
and south (S) of the Murray River.

Species name
Ctenotus atlas
C. schomburgkii
Egernia inornata
Ctenophorus fordi
Lerista bougainvillii
Diplodactylus damaeus
D. vittatus
C. regius
L. punctatovittata
Rhynchoedura ornata
Morethia obscura

S
Average
abundance
0.00
0.00
1.61
5.36
2.95
7.33
3.69
2.77
2.93
0.07
0.92

N
Average
abundance
4.54
3.88
4.99
5.40
0.00
4.89
1.09
3.24
4.69
1.96
2.01

% Contribution
7.08
6.05
5.49
4.72
4.62
4.24
4.06
3.09
2.96
2.94
2.72

Table 4 Results of SIMPER analyses showing those soil-dwelling species that made the
largest contributions to dissimilarity of soil-dwelling species assemblages between
landscapes north (N) and south (S) of the Murray River.

Species name
Ctenotus schomburgkii
Egernia inornata
Lerista bougainvillii
Diplodactylus damaeus
Ctenotus regius
Lerista punctatovittata

S
Average
abundance
0.00
1.61
2.95
7.33
2.77
2.93

N
Average
abundance
3.88
4.99
0.00
4.89
3.24
4.69

% Contribution
11.59
10.54
8.91
8.17
5.95
5.85

Table 5 Results of SIMPER analyses showing those Triodia-dwelling species that made
the largest contributions to dissimilarity of Triodia-dwelling species assemblages
between landscapes north (N) and south (S) of the Murray River.

Species name
Ctenotus atlas
Ctenophorus fordi

S
Average
abundance
0.00
5.36

N
Average
abundance
4.54
5.40

% Contribution
41.74
27.87
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Table 6 Results of SIMPER analyses showing those litter-dwelling species that made the
largest contributions to dissimilarity of litter-dwelling species assemblages between
landscapes north (N) and south (S) of the Murray River.

Species name
Diplodactylus vittatus
Morethia obscura
Strophurus spp
Delma australis
Amphibolurus nobbi coggeri

S
Average
abundance
3.69
0.92
3.21
2.42
3.95

N
Average
abundance
1.09
2.01
1.59
1.06
2.80

% Contribution
13.34
8.75
8.65
8.10
7.29

302

Appendix 12: Raw data for site scale reptile richness and diversity
Appendix 12: Raw data for site scale reptile richness at pairs of uniformly burnt and
patchily burnt sites
Table 1. The richness (Rich) and diversity (Div) of reptiles at pairs (n = 47) of uniformly
burnt sites (sites that had only one fire-age cohort of Eucalypts and no evidence of other
age classes) and patchily burnt sites (sites that had multiple fire-age cohorts of Eucalypt
species present within a 50m x 4 m quadrat at the site) situated within the same mosaic,
vegetation type and fire-age class. Div = Shannon-Weiner diversity index.
Mosaic Number
13
10
10
9
19
19
4
3
27
27
17
17
18
18
18
21
20
19
9
9
8
24
7
22
22
22
11
12
12
3
25
26
7
5
26
16
20
11
16
3
23
16
4
8
2
21
21

Time-since-fire (years)
1
3
3
3
3
3
10
10
10
10
19
19
19
19
19
22
22
22
27
27
27
28
30
31
31
31
32
32
32
32
32
32
35
35
35
35
35
43
43
46
55
56
61
62
66
81
154

Rich (uniform)
7
9
7
10
10
14
12
7
7
15
10
10
8
10
10
14
12
15
8
9
6
13
10
17
15
17
12
3
15
12
12
12
13
9
8
8
12
8
13
10
6
14
5
7
11
18
10

Rich (patchy) Div (uniform) Div (patchy)
8
1.73
1.95
12
1.48
2.29
8
1.85
1.97
10
1.93
1.97
14
1.87
2.09
12
1.69
2.08
13
2.06
2.06
10
1.81
1.61
10
2.59
2.30
11
1.79
1.25
9
1.84
1.99
11
1.34
2.28
15
1.61
1.99
10
1.50
1.70
6
1.93
1.66
17
2.15
2.26
12
2.49
2.32
13
1.77
2.53
7
1.79
1.47
11
2.10
2.15
7
1.37
1.72
11
2.20
2.22
11
2.02
2.16
12
2.50
2.02
12
2.46
2.56
13
2.23
2.67
13
1.66
1.98
9
0.80
2.11
13
2.61
2.34
10
2.13
1.67
13
1.91
2.34
12
2.27
2.33
10
2.46
2.11
12
2.09
2.36
10
2.24
1.30
7
1.57
1.75
11
2.26
2.43
13
1.73
2.29
7
2.32
1.51
9
1.82
1.95
11
2.62
1.68
7
2.25
1.57
8
1.45
1.96
6
1.77
1.54
10
2.29
1.78
12
2.00
2.31
14
2.50
2.39
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Malone B, Bennett AF and Clarke MF (in prep.) Understanding the microhabitat
associations of lizard species in semi-arid Australia using complementary methods.
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Abstract

An essential part of ensuring effective conservation is to understand the ecological
requirements of species. This study investigated microhabitat associations of lizards in
southern Australia’s Murray-Mallee region. Two complimentary techniques were used to
assess microhabitat use. First, the details of habitat within a 2.5m radius of pitfall traps
were collected at 280 sites in mallee habitats of New South Wales and South Australia.
Generalized linear mixed models were used to identify microhabitat features within 2.5 m
of a trap associated with the presence/absence of species of lizards. Associations between
microhabitat features and the presence/absence of focal species were further verified by
directly assessing microhabitat use by tracking individuals marked with fluorescent
pigment. The modelling failed to identify any microhabitat The Nobbi Dragon
(Amphibolurus nobbi coggeri) was positively associated with. However, the fluorescent
pigment trails consistently included trees; logs and litter. The skink, Ctenotus atlas was
positively associated with the number of logs around the trap. The fluorescent trails for
this species all included Triodia scariosa, with individuals using this habitat element as a
three dimensional lattice, consistently climbing within the top 10cm of the vegetation.
The Beaded Gecko (Diplodactlyus damaeus) and the Desert Skink (Liopholis inornata)
were negatively associated with the vegetation cover measure (cover gradient) and the
probability of occurrence of these two species increased as the percentage of open ground
around the trap increased. The fluorescent trails for these two species included open
ground, however this habitat component was not used significantly more than its
availability. This study highlights the value of using complementary techniques to
identify the microhabitat requirements of species.
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Introduction
Understanding the way species are distributed in space, and the factors which lead to
patterns of occurrence, is critical to the effective conservation of species (Lindenmayer
and Fischer 2007). Such knowledge is pivotal to ecological management, providing
answers to a range of questions, such as the need to undertake ecological restoration (e.g.
Brown et al. 2007; Cunnigham et al. 2007) or to maintain disturbance regimes (e.g.
Russell et al. 1999; Driscoll and Hendersen 2008). Of all the vertebrate taxa, such
knowledge is most lacking for reptiles (Gardener et al. 2007). Understanding how reptiles
respond to their environment is made all the more necessary due to widespread concern
over the plight of reptiles globally (Whifield et al. 2000).

Associations between fauna and their environment can be assessed in a number of ways.
For example, correlative studies (i.e. those that relate the occurrence of species at sites to
habitat features using a statistical model; see Elith and Leathwick 2009) can provide
insights into the conditions associated with a species being present at a site, while not
providing information directly on how fauna use habitat elements per se. Conversely,
more direct, observational approaches, such as recording the movements of individual
animals through their environment (e.g. Block and Morrison 1988; Bos and Carthew
2003), can provide information on how organisms partition time between habitat
elements. However, these methods also have shortcomings in that they are timeconsuming and labour intensive; limiting sample sizes and leading to reduced confidence
in the generality of such insights.
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There is very little information available on the congruence of results obtained by the
application of these two distinct approaches (but see Wanger et al. 2009). This is
unfortunate given that such a comparison could draw considerable insight into the
benefits and limitation of both methods, in terms of both insight and efficiency.
Differences between correlative and direct approaches may tell us more about how
correlative models relate to actual habitat use; an area that remains very poorly
understood. For example, a positive correlation between the occurrence of logs and
species abundance may suggest that the focal species uses logs for shelter or foraging.
However, a correlative model alone cannot inform us as to which of these roles logs in
fact play for the species, or if logs are actually important to the focal species at all (e.g. it
may be that some other variable correlated with logs is the causal factor).

On the other hand, because correlative models often characterize species-environment
relationships over much larger spatial scales than observational approaches (e.g. whole
continents or globally; Evans et al. 2005; Gaston et al. 2006), the influence of variables
not directly ‘used’ by species, but which influence species occurrence nonetheless, can
more easily be determined. For instance, environmental gradients such as climatic
conditions exert a strong influence on the occurrence of lizard species (e.g. Buckley and
Jetz 2010). As such, understanding patterns of lizard occurrence depends on knowing
how lizards respond to such gradients.

Reptile communities in the semi-arid Murray mallee region of south-eastern Australia can
be considered species-rich on a global scale, with approximately 60 species represented
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(Cogger 1989). Despite this, we know very little about the microhabitat associations of
arid and semi-arid reptiles (Masters 1996). Given the concern regarding reptile
conservation globally (Whitfield et al. 2000), it is critical that we increase our
understanding of the ecology of semi-arid reptiles at multiple spatial scales.

Here we set out to determine the microhabitat association of four semi-arid lizard species
using both correlative and observational approaches. Our main questions are:

1. What microhabitat features influence the occurrence of mallee lizards?
2. Do correlative and observational approaches result in congruent assessments of
the role of different micro-habitat features?
Although not a primary aim of this study, we also wanted to evaluate the effectiveness of
fluorescent pigment tracking as a technique for studying habitat use by mallee lizards.

Methods
Pitfall traps (n=2800) were set up in 280 lines (i.e. ‘sites’) located in clusters of ten
within 28 landscape mosaics (12.5 km2) across the Murray-Mallee region of southeastern Australia (Figure 1). Each site consisted of 10 pitfall buckets (20L plastic buckets
buried so their opening was level with the soil surface) spaced approximately 5m apart
and connected by 50m of drift fence. The pitfall lines were opened for five nights during
October – December 2006, February-March 2007 and October-December 2007; resulting
in a total of 15 trap-nights per pitfall bucket. Thirty pitfall lines were affected by a
wildfire that burnt through Gluepot Reserve in November 2006. The capture data
collected prior to the 2006 fire was excluded from analyses for these 30 pitfall lines. To

308

Appendix 13: Heffernan et al. (in prep)
compensate for this loss of data, these affected pitfall lines were surveyed twice (5 nights
/ survey) during October- December 2007 which resulted in 15 nights post-fire capture
data/pitfall bucket.

In general the mallee vegetation was dominated by low growing, multi-stemmed species
of Eucalyptus. Common overstorey species included: Eucalyptus dumosa, E. gracilis, E.
leptophylla, E . oleosa and E. socialis. The understorey mallee vegetation was dominated
by shrubs (e.g. Acacia, Eremophilia, Maireana, Oleria, Sclerolaena) and hummock
grasses (Triodia). Litter also formed an important habitat element and was mainly
concentrated in zones around the base of individual plants, particularly eucalypts. Newly
burnt areas were mainly dominated by bare ground, with grasses and herbs forming the
principle vegetation.
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Figure 1. The Murray Mallee region of south-eastern Australia. Circles indicate the
position of the 28 study landscapes.

Pitfall bucket selection
The statistical unit for this study was individual pitfall buckets. The characteristics of the
microhabitat that directly surrounded one pitfall bucket (n = 280) per pitfall line were
measured during October and November 2007. Microhabitat was defined as the habitat
within a 2.5m radius circle of the pitfall bucket. Capture data from October –December
2006 and February-March 2007 pitfall trapping sessions were analysed in order to
identify four species that had been caught in relatively high numbers throughout the study
area (> 44% of all pitfall lines, except for C. atlas which was caught at 26% of pitfall
lines). These four focal species were: D. damaeus, L. inornata, A. nobbi coggeri and C.
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atlas. At each pitfall line a single pitfall bucket was selected at random (with respect to
microhabitat) that had caught between zero and four individuals of the focal species (i.e.
the whole spread of captures). For each species, the analysis was confined to pitfall lines
where the species was known to occur. This resulted in a large sample size for all four
species (D. damaeus was caught at n = 225 pitfall lines, L. inornata, n = 124, C. atlas n =
73, A. nobbi coggeri n = 142 pitfall lines).

Microhabitat data were collected at 25 cm intervals along six 2.5m transects (60
measurements per pitfall bucket) running radially out from the rim of the pitfall bucket. A
2 m pole (1.5 cm diameter) was held vertically at 25 cm intervals, and the substrate and
vertical components of the habitat that touched the were pole recorded at each of the
following height categories: ≤ 0.5m, 0.5-1m, 1-2m and ≥2m. Substrate categories
included: open ground, log (≥ 3cm in diameter and ≥ 50cm length), plant matter and leaf
litter. Vegetation categories included: Triodia, eucalypt shrub (eucalypt less than 2m
high), non-eucalypt shrub (woody plants 50-200cm high) and tree (plants >3m high). The
number of logs (diameter of logs ≥3cm and length ≥ 50cm) within the 2.5m radius circle
was also recorded.

Study species
Limited data is available on the habitat requirements of the four focal species which were
chosen from three families of lizards. The diurnal agamid, A. nobbi coggeri, is a medium
sized lizard that has undergone extensive declines in agricultural landscapes (Driscoll,
2004; Swan and Watharow, 2005). Two species of skinks were studied. The first,
Liopholis inornata, constructs burrows and is mainly active during the early morning and
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evening (Henzell, 1972,Chapple 2003) In contrast, C.atlas is a diurnal skink that is
associated with Spinifex grasses and has been observed foraging around the periphery of
such grasses and climbing within the tussocks (Pianka 1969). The gecko, Diplodactylus
damaeus is the smallest of the focal species. It is nocturnal and constructs burrows or
shelters in abandoned lizard or insect burrows during the day (Henle, 1990; Swan and
Watharow, 2005).

Response and explanatory variables
We selected a limited number of variables a priori that we deemed to be important to the
distribution of semi-arid reptiles based on previous work (e.g. Caughley 1985; Driscoll
and Hendersen 2008). We wanted to avoid strong correlations between explanatory
variables as these can influence parameter estimates leading to misleading results (Quinn
and Keough, 2002). As such, we tested for co-linearity between pairs of explanatory
variables prior to analysis, using spearman rank correlations.

The percentage of canopy cover, leaf litter and open ground were found to be highly
correlated (r > 0.6). Therefore a Principal Components Analysis (PCA) was performed
for each species to reduce these three variables into a single gradient representing
increasing canopy cover and leaf litter, and decreasing amounts of bare ground. For each
species, a single component explained > 75% of the variance in the original data. As
such, this component was included in subsequent analyses. PCA was conducted using
SPSS version 15. All variables included in the final regression models had correlation
coefficients < 0.3. Variables are summarized in Table 1.
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Table 1. Explanatory variables included in regression analysis
Cover Gradient

Triodia
Shrubs
Logs

The first component extracted from a
principle component analysis between
canopy cover (vegetation > 2m), leaf
litter and open ground. Positive values for
canopy cover and leaf litter. Negative
values for open ground
Number of hits of the hummock grass
Triodia scariosa
Number of hits of ‘shrubby’ vegetation
below 2m
The total number of logs in a 2.5m radius
around a pitfall bucket

Statistical analysis
We modelled species occurrence using generalized linear mixed models (GLMMs) with
the glmmML package in R version 2.10.1. Logistic regression was used to model
presence/absence data for individual species, specifying a binomial distribution of errors
(Quinn and Keough 2002). We were concerned that the hierarchical nature of our
experimental design, in which sites were spatially clustered into ‘landscapes’ (see Figure
1), would result in a non-independent error structure in the data due to spatial
autocorrelation. As such, we included a random factor in each model denoting the study
landscape that each site was located within. All other variables were considered fixed
factors in these analyses (see Zuur et al. 2009).

We considered all combinations of the four explanatory variables (Table 1) during model
selection, resulting in n=15 models for each species. Akaike’s information criterion
(AIC) was calculated for each model. From this we generated AIC differences (∆i) in
order to assess the weight of evidence in favour of each model, relative to all other
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models considered (i.e. the difference between a model’s AIC and that of the best model).
Akaike weights (wi) were then calculated and summed across all models containing a
given explanatory variable in order to judge the relative influence of each variable on the
response variable; the closer the sum of the weights is to one, the more influential that
variable is in describing variation in the response variable (Burnham and Anderson
2002).

For each explanatory variable, the standard error of the coefficient was used to calculate a
95% confidence interval (CI): 95% CI = Coefficient ± (standard error x 1.96) from the
global model (Watson and McGraw 1980). Deviance explained (D2) for the global model
was also calculated for each species. This is a measure of model fit which expresses the
percentage deviance that can be explained by the model, relative to a null model (see
Guisan and Zimmerman 2000).

Fluorescent pigment tracking
We used fluorescent pigment tracking to monitor the habitat use of individually marked
lizards (Fellers and Drost 1989; Blankenship et al. 1990). The main advantages of this
technique are that it is inexpensive, does not require an observer to be present, and does
not risk the observer influencing movements, while producing exact trails of habitat use
(Mullican 1988). Although this method has been used to study the movements of a wide
range of mammals (Lemen and Freeman 1985; McShea and Gilles 1992), amphibians
(Schlaepfer 1998; Graeter and Rothermel 2007) and reptiles (Blankenship et al. 1990;
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Gruber and Henle 2004), it has never been applied to reptiles in semi-arid mallee
vegetation.

We tracked four focal species using fluorescent powder (non-toxic fluorescent pigment,
Colormaker Industries Australia) during October and December 2007 at Gluepot Reserve,
South Australia (33.76°S latitude, 140.13°E longitude). Lizards were caught in pitfall
traps located in recently burnt areas (burnt in the 2006 wildfire) and in old growth mallee.
Recently burnt sites mainly consisted of large areas of bare ground, herbs, Triodia
seedlings, eucalypt coppice and dead matter. The unburnt sites mainly consisted of
mature mallee with a shrub/Triodia understorey (see Kelly et al. in press).

Each lizard was placed into a plastic container containing chartreuse, orange or pink
fluorescent powder. Dust was applied to the ventral surface. The head of the lizard was
held to prevent dust entering the eyes and ears. All animals were dusted and released
between the hours of 05:55 and 12:55. Each animal was released a minimum of 2-3m
away from the pitfall trap where it was caught on a randomly-selected side of the fence
under vegetation that provided suitable cover (usually a shrub or Triodia hummock).
Diurnal or crepuscular animals (L. inornata, C. atlas and A. nobbi coggeri) were tracked
on the night following their release or the subsequent night. The nocturnal species (D.
damaeus) was tracked the next night after its release.

Trails were detected and marked out at night using a portable ultraviolet blacklight.
Flagging tape was used to mark the maximum heights lizards reached as they travelled
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through the vegetation (e.g. a shrub or tree). Trails were excluded from analysis for one
of three reasons: they did not emerge from cover at the release point, they were less than
5m in length, or rain destroyed the trails before they could be tracked.

For each trail, the distances travelled through each microhabitat type were recorded.
Microhabitats included: open ground, log (≥3cm diameter and ≥ 50cm in length), Triodia
and shrub (shrubby vegetation < 2m high) and leaf litter. A clump of leaf litter was
recorded as a habitat variable if the clump the animal passed through was > 15cm in
diameter.

The average percentage distance travelled by an individual through each microhabitat
component was expressed as a percentage of the total trail length. The percentage
distance for each microhabitat component was then averaged across all individuals for a
given species. The average percentage distance travelled through each microhabitat
component was compared with the habitat available at the site level. Habitat availability
at the site level was calculated by recording the habitat available at 1m intervals along a
50m transect that ran parallel to the pitfall line at the sites where lizards were tracked.
Habitat availability was expressed as a percentage by dividing the number of hits of each
habitat component by 50 (total number of hits per transect) and multiplying by 100.
Comparisons were conducted in SPSS version 15 using Paired T-Tests if the data was
normally distributed or the non-parametric Wilcoxon Sign Rank Test for non-normal
data.
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Results

General results
Amphibolurus nobbi coggeri, C. atlas, D. damaeus and L. inornata, were caught in 59,
34, 86 and 61 pitfall buckets respectively (out of a total of 280). The number of lizards
dusted with fluorescent powder ranged from 18 for A.nobbi. coggeri, 23 for C. atlas, 13
for D. damaeus , and 14 for L. inornata. The sample size (the number of lizards dusted
with powder minus the number of excluded trails) for A. nobbi coggeri, C. atlas,
D.damaeus and L. inornata, was 17, 13, 9 and 4 respectively.

Amphibolurus nobbi coggeri
None of the microhabitat variables measured around a trap were found to be significantly
associated with the occurrence of A. nobbi coggeri (Table 2, Table 3).

Fluorescent pigment trails for A. nobbi coggeri ranged from 6.45 m to 35.1m, which was
the longest recorded trail for this study. The majority of A. nobbi coggeri (14/17)
individuals were tracked in older growth mallee.

Amphibolurus nobbi coggeri was the only species to make use of all five habitat
components (Figure 2c). The comparison between habitat use and availability showed
that A. nobbi coggeri avoided open ground on its trails (t = -4.550, df =15, P<0.001;
Figure 2c) and instead, actively sought out microhabitat including a layer of litter
(t=2.508, df=15, P=0.024). The trails for this species were often followed across large
patches of litter as they moved between trees.
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Five A. nobbi coggeri individuals were tracked at sites where Triodia occurred and all
five individuals used this habitat component. However, the average percentage distance
of total trail length travelled through Triodia was not significantly different to the
percentage cover of this habitat component at the site level (Figure 2c).

Amphibolurus nobbi coggeri consistently travelled up trees and across logs and was the
only species to be recorded using these two habitat components. The percentage distance
travelled in trees was difficult to measure since multiple branches were often used.
Therefore, tree was not included as a microhabitat component in the comparison between
habitat use and availability. All A. nobbi coggeri individuals climbed at least 40cm up a
tree, with the most complex trails including multiple trees (maximum of three) and
shrubs. The maximum vertical height reached by an individual was 2.1m up a mallee
eucalypt. The diameter of branches used by A. nobbi coggeri varied from small branches
less than 1cm in diameter to large stems 12cm in diameter.
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Ctenotus atlas
The occurrence of C.atlas was positively associated with logs; however the standard error
of the coefficient for this variable was very large. No other microhabitat variables
measured around a trap were found to be associated with the occurrence of this species
(Table 2, Table 3).
Table 2 The best models identified for each species (according ∆i) plus any additional
models with substantial support (i.e.∆i ≤ 2) are presented. However, the low Akaike
weights observed for all models (wi < 0.9) indicated considerable uncertainty in regards
to identifying a best model for each species.
Species
A. nobbi coggeri

C. atlas

D. damaeus

L. inornata

Model

Triodia
Logs
Cover Gradient
Shrub
Logs + Triodia
Shrub + Triodia
Triodia + Gradient
Logs
Logs + Triodia
Logs + Shrub
Triodia
Cover Gradient
Shrub
Logs + Cover Gradient
Cover Gradient
Shrub + Cover Gradient
Triodia + Cover Gradient
Shrub + Triodia + Cover Gradient
Logs + Cover Gradient
Triodia + Cover Gradient
Cover Gradient
Shrub + Triodia + Cover Gradient
Logs + Triodia + Cover Gradient

AICc

197.52
198.43
198.73
198.73
199.06
199.40
199.45
103.44
104.29
104.67
105.00
105.01
105.23
105.38
273.79
274.32
274.46
274.57
275.78
168.50
169.16
169.68
170.24

wi

∆i

0.00
0.91
1.21
1.21
1.54
1.88
1.93
0.00
0.85
1.23
1.57
1.57
1.80
1.94
0.00
0.53
0.67
0.78
1.99
0.00
0.65
1.17
1.74

0.19
0.12
0.10
0.10
0.09
0.07
0.07
0.19
0.12
0.10
0.08
0.08
0.08
0.07
0.23
0.18
0.16
0.16
0.09
0.26
0.19
0.15
0.11

The fluorescent pigment trails produced by C. atlas ranged in length from 5 m to 10.95
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m. This species strongly preferred to utilize Triodia scariosa on its trails (t=5.063, df=12,
P<0.001; Figure 2d), whilst actively avoiding litter and shrub cover (Wilcoxon signed
ranks test: litter: z = -3.041, df=12, P=0.002; shrubs: z = -2.818, df=12, P=0.005; Figure
2d).

Ctenotus atlas individuals consistently travelled in fairly straight lines across bare
ground, moving from one Triodia patch to another. Ctenotus atlas frequently climbed
through the Triodia vegetation instead of moving across the ground. All individuals
ascended through the vegetation until they reached the top 10cm of at least one Triodia
patch. The maximum vertical height reached by C. atlas in a Triodia hummock was 50cm
above the substrate. In 8 of 13 trails C. atlas also travelled around the periphery of at least
one Triodia hummock (within 10cm of the vegetation).
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Table 3 Global model results. Explanatory variables for which the 95% confidence
interval does not include zero are highlighted in bold. A measure of the fit of the global
model (Deviance explained) is included.

Species
A. nobbi coggeri

C. atlas

D. damaeus

L. inornata

Variable
Logs
Triodia
Shrub
Cover Gradient
Logs
Triodia
Shrub
Cover Gradient
Logs
Triodia
Shrub
Cover Gradient
Logs
Triodia
Shrub
Cover Gradient

Coefficient
-0.06
-0.02
0.00
-0.01
0.20
0.02
-0.01
-0.03
-0.01
-0.02
-0.01
-0.91
0.04
0.03
0.01
-0.65

Standard
error
0.09
0.01
0.01
0.18
0.13
0.02
0.01
0.29
0.08
0.01
0.01
0.22
0.09
0.01
0.01
0.24

Deviance Explained
0.98

4.98

11.63

7.21

Diplodactylus damaeus
The vegetation cover measure (cover gradient) was the most important microhabitat
variable associated with the presence/absence of D. damaeus; exhibiting a negative
coefficient (Table 3). Diplodactylus damaeus was more likely to be captured in
microhabitats with large amounts of bare ground and low amounts of canopy cover and
leaf litter.

Fluorescent pigment tracking of D. damaeus resulted in trail lengths ranging from 5.7 m
to 14.5 m. All D. damaeus individuals were tracked at pitfall lines where bare ground
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dominated (i.e. newly burnt areas). This species was captured at pitfall lines in older
growth mallee. However, no successful trails were recorded in these habitats.
The percentage distance travelled across bare ground was greater than through shrubs or
litter, the only other habitat components comprising part of the trails of this species
(Figure 2a). However, D. damaeus did not utilize significantly more open ground on
their trails than was available at the site.

The only shrub type used by the four individuals was coppice at the base of mallee
eucalypts. All four trails included this habitat component and one trail was followed
through a patch of coppice to a height of 50cm. The small sample size of successful trails
(n=4) resulted in limited data on microhabitat use for this species.

Liopholis inornata
The presence/absence of L. inornata was negatively associated with the canopy and litter
cover around a trap (cover gradient) (Table 3). Liophlis inornata was more likely to be
captured in pitfall traps surrounded by large amounts of bare ground and low amounts of
canopy cover and leaf litter.

Fluorescent pigment tracking of L. inornata produced trails that ranged in length from 5 m
to 20.9 m. The majority of L. inornata (71%) were tracked at pitfall lines where bare
ground dominated (i.e. newly burnt areas). The average percentage distance travelled
across bare ground was greater than for any other habitat element used by this species
(Figure 2b). However, bare ground was not used significantly more than its availability at
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the site level. The average percentage distance travelled across shrubs was nearly
equivalent to the availability of this habitat element at the site level. In four trails (out of 9)
L. inornata travelled along the ground, underneath both live and dead shrubs. Only three
individuals were tracked at sites with Triodia. The average percentage distance travelled
through Triodia by these three individuals was negligible (1.67m +/- 1.16m).
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Figure 2. Comparison of the proportion cover (± S.E.) of key microhabitat variables at
sites (black bars) versus the mean proportion (± S.E.) of trails (white bars) recorded from
a) Diplodactylus damaeus (n=4); b) Liopholis inornata (n=9); c) Amphibolurus nobbi
coggeri (n=16); and d) Ctenotus atlas (n=13) that included these microhabitat variables.
*= P<0.05: **= P<0.01, ***= P<0.001
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Discussion
Analysis of a species’ habitat preferences by direct observation of marked individuals is
often expensive and time consuming. As a result, correlational approaches are often
employed to identify habitat preferences (e.g. Read 1995, Downey and Dickman 2006).
This study is unique in that the correlational data used to assess microhabitat associations
for each species were further validated by undertaking a behavioural study to directly
examine microhabitat use. The effectiveness of fluorescent pigment tracking varied
between the four species, with the most successful results obtained for A.nobbi coggeri
and C.atlas. Therefore, it was possible to make comparisons between the model
averaging procedures and the fluorescent pigment tracking results for these two species.

This appears to be the first study to investigate microhabitat use of A. nobbi coggeri. Our
results highlight the arboreal behaviour of this species, with individuals consistently
reaching heights > 2m into the canopy. The failure of the model averaging for A. nobbi
coggeri to reveal any microhabitat variable associated with its occurrence could be due to
A.nobbi coggeri responding to habitat variables not measured in the current study or
responding to variables at larger spatial scales. Habitat selection by different species of
reptiles occur at different spatial and temporal scales (Block et al. 1997; Bos and
Carthew 2003; Fischer et al. 2004). Determination of the most appropriate scale of
analysis is regarded as the cornerstone of habitat analysis and model development
(Morrison et al. 2006). The size of a species’ home range relative to our sampling area
(within 2.5 m of the trap) may affect the strength of the habitat associations observed.
Species with smaller home ranges and greater habitat specificity would be more likely to
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show strong associations with particular habitat features within the 2.5m radius of the
pitfall bucket. Fluorescent pigment tracking showed that A. nobbi coggeri was covering a
large area relative to the 2.5m radius of the pitfall bucket. The average trail length for this
species was approximately 15m, with the longest trail reaching 35.1m. These long trail
lengths suggest that the area within 2.5m of the pitfall bucket may be an inadequate
sample area in which to expect to detect habitat factors that influence the
presence/absence of this species. The tracking results showed individuals to consistently
use shrubs, trees and litter. Large deposits of fluorescent dust were observed on logs and
thick tree stems which suggested that this species may have been using these habitat
elements for basking. These results are consistent with data on the sub-species A. nobbi
nobbi which was found to occur at sites with litter and logs, the latter habitat element
being frequently used for basking (Rauhala 1993).

The model averaging results for C. atlas identified logs as the most influential variable.
However, the fluorescent tracking results clearly showed that this species was using
Triodia and leaf litter/open ground exclusively and no trails included logs. The lack of
use of logs by the tracked individuals highlights the need for caution when interpreting
correlational data in isolation and the value of using complementary methods to obtain a
more complete picture of an animal’s habitat use. The tracking results also provided
insights into how this species used Triodia as a three-dimensional lattice, climbing up
through the hummock to within the top 10cm of the vegetation. Ctenotus atlas has
previously been observed to climb within Triodia hummocks but due to difficulties with
direct observation Pianka (1969) was unable to determine the precise movements of these
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species within Triodia. Fluorescent pigment tracking provided information on the specific
movements of C. atlas that could not be determined in past studies. Fluorescent pigment
tracking may be an advantageous technique for identifying the specific habitats utilised
by co-occurring, Triodia-dependent species that may exploit different parts of the
vegetation.

The probability of occurrence D. Dameus increased as the percentage of open ground
increased. Diplodactylus damaeus is a nocturnal ectotherm which relies on indirect
basking to maintain preferred body temperatures within a suitable range for activity
(Henle 1990; Schlesigner et al. 1997). Open ground reaches high temperatures during the
day (Cogger 1974) and retains heat to provide a suitable environment for this method of
thermoregulation. Regrettably, fluorescent tracking did not prove to be a viable approach
for studying the microhabitat of D. damaeus. This was the smallest species tracked, and
due to its small body size it may have been unable to retain enough powder to
consistently leave long trails. Alternatively, it may actually only travel short distances.
However, the method we used did not allow us to distinguish between these two
possibilities.

The probability of occurrence of Liopholis inornata increased as the percentage of open
ground around a trap increased. The majority of individuals were tracked in areas where
open ground dominated (i.e. newly burnt areas). However, while trails included open
ground, this habitat component was not used significantly more than its availability.
Liopholis inornata is primarily crepuscular, with peaks in activity during early morning
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and late afternoon (Webber 1979; Pianka and Giles 1982). This mode of activity may
reduce the requirement for above ground shade (or canopy cover). One individual of this
species was tracked to a burrow. These refuges can be used to escape full exposure to the
sun when temperatures become excessive (Webber 1978; Pianka and Giles 1982; Chaple
2003). Previous studies have observed L. inornata sitting in the mouths of their burrows,
and making short movements to capture insect prey nearby (Webber 1978; Pianka and
Giles 1982). These daytime observations suggest that individuals show strong
attachments to their burrow systems (Chaple 2003). However, long trails, up to 20.9m in
length, were observed in this study. Lizards were released on a randomly selected side of
the drift fence and were therefore not necessarily released within their home range.
Releasing an animal outside its home range may affect its behaviour and result in the
individual utilising habitat elements that are not necessarily preferred, or even available
within its home range.

Conclusion
Individual species respond to different suites of microhabitat factors at different spatial
and temporal scales. This study used two complementary techniques to focus purely on
microhabitat associations. This information could be combined with data at larger spatial
scales to accurately determine habitat relationships. Understanding species specific
habitat associations at multiple scales is beneficial when assessing potential impacts of
environmental changes on these species and can be used to suggest possible conservation
measures.
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