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Abstract

Fire can influence biodiversity by changing the spatial patterns of vegetation and the
suitability of habitat for fauna species. Understanding the spatial patterns of fire in the
landscape is critical to the conservation of biodiversity, and this is reliant on sound
knowledge of fire history.

In this thesis | examined fire history and fire management in the context of fauna
conservation in New South Wales (NSW), south-eastern Australia. Initially, | used digital
fire records for NSW for years 1902 to 2018 to identify sources of error in the database,
then examined how data quality may affect interpretation of fire history for biodiversity
conservation. | then examined variation among, and predictors of, distributions of time
since the most recent fire (TSMRF) for extant native vegetation in NSW. | tested whether
distributions of time since fire for different vegetation types follow predicted trends at
varying scales and identified the degree to which these distributions are influenced by
landscape management actions. Finally, 1 used a field-based study to investigate the
impacts of fire history, vegetation type, and environmental factors on habitat attributes, and
the extent to which they vary among vegetation types.

Thirty-two years and 76% of extant native vegetation in NSW (38% in areas
managed for biodiversity conservation) had no fire records, and significantly more in the
drier, less populated western parts of the state. However, my results indicate this is an
incomplete representation of fire history. Repeated records accounted for >50% of the
records in the database, however only 8% were identified by an automated clean using
software tools. Without a manual-clean the number of fires and area burnt per year would
be exaggerated by >300% in some years. The number of repeated records and records with

missing data reduced dramatically from the early 2000s.
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After cleaning, change point analyses indicate two periods of change in the patterns
of recorded area burnt, the mid-1930s and late-1960s, although it remains unclear whether
this is a change in fire regime or improved record keeping. Ninety-one percent of records
were missing attributes important for biodiversity conservation (month of fire occurrence
and intensity), severely limiting the usefulness of the database for biodiversity
management, planning, and research.

In 2018, TSMRF varied from 0 to 92 years. TSMRF was skewed to shorter
intervals in 2018, 2008 and 1998. In more coastal eastern areas, distributions were skewed
to shorter times since fire but were similar among wet and dry vegetation types. In arid and
semi-arid areas, distributions were greatly variable but skewed to longer TSF than more
coastal areas and were often heavily influenced by one or two large fire events.

At a local scale, distributions of TSMRF varied within vegetation types that
spanned large geographic areas. At a finer scale still, distributions were similar in locations
in close proximity, regardless of vegetation type. Within areas managed for biodiversity
conservation, distributions of TSMRF were skewed to shorter times since fire than in
general for the vegetation type. Previous fire history, mean annual temperature and rainfall,
and land-use were stronger predictors of the distribution of time since fire than proximity
to roads and population density.

Although similar in structure and physiognomy, it was the floristic and fine-scale
structural differences that were the greatest drivers of variation in habitat in the three
vegetation types | examined. Characteristics of the most recent fire and the interval to the
next fire did not have as strong an effect on habitat as vegetation type. The fire type (wild
versus prescribed) was one of the best predictors for variation in the landscape for some

habitat types. There was a weaker, but significant effect on fauna habitat of time unburnt
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prior to a fire and whether the fire is wild or prescribed. However, these effects of fire
varied among vegetation types.

My findings demonstrate that key habitat types important for the persistence of
fauna did not have a uniform response among vegetation types at a local scale. Fire
management practices designed for managing plant species survival are based on
predictable plant responses to fire at a formation-scale, however these results demonstrate
that the response of key fauna habitat attributes is not predictable at this scale and fire
management may need to be directed at a finer-scale than that at which they are currently

managed.
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Chapter 1 General Introduction

Fire is an intrinsic ecological process of many landscapes across the world (Agee 1996;
Singh et al. 2002; Moritz et al. 2014), shaping the distribution of vegetation in many
biomes (Bond et al. 2004). The ecological sustainability of over 50% of the world’s
terrestrial habitats is reliant on fire (Shlisky et al. 2009) and fire can have significant
impacts on the composition, diversity, structure, distribution, and function of ecosystems
(Ellis 1985; Fensham et al. 2003; Staver et al. 2011). Inappropriate fire regimes are a
growing threat to and are listed as a key threatening factor in the decline of many species
in Australia (Evans et al. 2011; Woinarski et al. 2015). Inappropriate fire regimes (e.g., the
exclusion of fire or too frequent fire) and can have negative consequences for biodiversity
including loss of species and habitat (Woinarski 1999; Bond and van Wilgen 1996; Wilson
1996). Fire can influence biodiversity by altering the spatial patterns of vegetation and
composition of plant species (Morrison et al. 1995; Bond and van Wilgen 1996), and the
suitability of habitat for fauna species (Catling 1991; Fox 1982). Time since fire influences
habitat suitability in many ecosystems (Fox 1982; Kelly et al. 2011; Watson et al. 2011)
but can be affected by fire frequency, inter-fire interval, intensity, and season (Gill and
Allan 2008). Interactions among variations in climatic and environmental conditions,
vegetation type, and the fire regime cause fires to vary spatially and temporally in the
landscape (Murphy et al. 2013) which can influence the availability of habitat. The
complexity of the spatial patterns of a fire regime increases with the overlapping of
multiple fires through time in the landscape. As such, an understanding of the patterns of
fire at various scales in the landscape is critical to the conservation of biodiversity, and this

is reliant on sound knowledge of fire history.

Williamson 2021 1



Chapter One

1.1 Fire in the landscape

Fire is a key, but not uniform influence on native vegetation and ecosystem function
around the world (Bond and van Wilgen 1996; Bowman et al. 2009). The main governing
mechanisms of the temporal and spatial arrangement of fires in the landscape are
environmental and climate conditions, distribution of fuels, and ignition agents (Cary et al.
2006; Whitlock et al. 2013) and the relative influence of these drivers varies at different

scales (Simard 1991; Falk et al. 2007).

1.1.1 Climatic and environmental influences on fire

Over small spatial scales and over the short-term, fire ignition, extent and intensity are
related to fine scale weather and moisture conditions (wind speed, air temperature,
humidity) and fuel type (Rothermel 1972). At a landscape scale, seasonal and long-term
climate, vegetation type and topography influence moisture patterns which determine the
availability of fuels (Rollins et al. 2002; Schoennagel et al. 2004; Mermoz et al. 2005;
Crimmins 2006; Murphy et al. 2013). At a regional or global scale fire occurrence follows
a productivity gradient (Pausas and Bradstock 2007; Krawchuk and Moritz 2011; Lehmann
et al. 2011; Murphy et al. 2013) and interactions between climate conditions and fuels lead
to varying fire patterns within different biomes (French et al. 2002; Flannigan et al. 2005;
Harris et al. 2008). Variation in these key drivers leads to heterogeneity in fire patterns

within and among vegetation types (Meyn et al. 2007; Krawchuk and Moritz 2011).

1.1.2 Anthropogenic influence on fire

Humans have impacted fire regimes over evolutionary time by influencing the number and

arrangement of fires by increasing ignition rates or fire suppression, by changing land use
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and cover, and hence fuel arrangement, continuity, and availability (Spies et al.2004;
Marlon et al. 2008; Bowman et al. 2011), and indirectly through changes to global climate

(Flannigan et al. 2009; Jolly et al. 2015).

Anthropogenic ignitions are the main cause of wildfires in many regions (e.g.,
southern Europe: Henderson et al. 2005; Russia: Mollicone et al. 2006; Alaska: Todd and
Jewkes 2006; southern China: He et al. 2013) and have been found to increase with
proximity to areas of high population (Niklasson and Granstrom 2000; de la Cueva et al.
2006; Sypahrd et al. 2007; Yang et al. 2007; Chas-Amil et al. 2013) and road densities
(Huang et al. 2000; Pew and Carson 2001; Romero-Calcerrada et al. 2008; Liu et al. 2012;

Kolanek et al. 2021), particularly in the tropics (Cochrane et al. 1999).

However, the impact of humans on the fire regime varies across the landscape, and
the relationship between human factors and the occurrence of fire is not linear. Changes in
land-use have led to increased fire activity in some regions (Cochrane et al. 1999; Meyn et
al. 2007), however alterations to the landscape such as grazing and farming can reduce
biomass and fragment habitat, leading to a reduction in fire occurrence and spread (Marlon
et al. 2008). Active suppression and fire prevention activities are greater in higher
population density areas, largely at the wildland-urban interface, and can also reduce fire
frequency and area burned (Cohen 2000; DeWilde and Chapin 2006). As such, fire
occurrence tends to be highest at intermediate population and road densities (Syphard et al.

2007; Yang et al. 2008; Syphard et al. 2009; Miranda et al. 2011).

Changing fire patterns due to anthropogenic climate change have been linked with
increased fire activity in some regions (Gillett et al. 2004; Kasischke and Turetsky 2006;
Westerling et al. 2006; Flannigan et al. 2009), longer fire weather seasons globally (Jolly

et al. 2015) and increases in area burned due to the fuel aridity (Jolly et al. 2015;
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Abatzoglou and Williams 2016). In many ecosystems fire patterns are predicted to further
change with climate change (Krawchuck et al. 2009; Westerling et al. 2011; Moritz et al.
2012; Flannigan et al. 2013; Mitchell et al. 2014) leading to further declines in biodiversity
(Lawson et al. 2010; Regos et al. 2015), however the direction of the change varies among

biomes (Moritz et al. 2012; Batllori et al. 2013).

1.2 The fire regime

The ecological effects of a fire are discussed in terms of the pattern of immediate and
historic characteristics of fires, termed the fire regime (sensu Gill 1975). Fire regime
encompasses the frequency, intensity, type of fire, and season of occurrence of fires in a
landscape (Gill 1975, 1981), the area and patchiness of a fire (Heinselman 1981;
Christensen 1993; Gill and Allen 2008), the fire-return interval and the temporal and

spatial patterns of fire mosaics (Bradstock et al. 2005; Parr and Anderson 2006).

1.2.1 Fire frequency

Fire frequency is a measure of the number of fires occurring per unit time at a given
location (Merrill and Alexander 1987). Fire frequency regulates the distributions of many
vegetation types in the landscape, e.g., frequent fire limits woody structure in grasslands
and savannas (Peterson and Reich 2001; Keeley and Rundel 2005), and closed forests can
dominate in areas of low fire frequency (Bond et al. 2004). Changes in fire frequency can
lead to the switching of the vegetation state of biomes, e.g., flammable vegetation to
forested (Baker et al. 2020), forests to shrub and grasslands (Ogden et al. 1998; Fairfax et
al. 2009) and fire-sensitive rainforests to degraded forest or savanna (Cochrane et al. 1999;

Pivello 2011). Too frequent fire can change the structure of the vegetation, leading to
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landscapes dominated by younger age-classes of trees, which may reduce the abundance
and availability of tree hollows (Lindenmayer et al. 1991a). Hollows that are suitable
habitat for fauna have been found to take several hundreds of years to form (Mackowski
1984; Lindenmayer et al. 1991a; Gibbons and Lindenmayer 1996). Hollow logs on the
ground provide important habitat for many species (Bunnell and Houde 2010), and the
availability and quality of these habitat resources will also be affected by too frequent fires

(Collins et al. 2012).

Fire frequency can be viewed as three interconnecting variables, including the time
since last fire, the time between fires (inter-fire intervals) and the variability of inter-fire
intervals (Morrison et al. 1995). The between fire interval and interval variability can
influence plant species composition and reproduction (Morrison et al. 1995; Taylor et al.
1998), fauna species composition (Andersen et al. 2005; Smith et al. 2013), and habitat

availability (Weber and Flannigan 1997; Haslem et al. 2012).

1.2.2 Fire intensity and severity

Fire intensity is a measure of the rate of heat release, which is a function of fuel content,
fuel consumption, and the rate of spread (Rothermel 1972). Fire severity measures the
degree of environmental change caused by fire intensity (Keeley 2009). Fire intensity has
direct effects on the survival of individual plants and animals, and indirect effects on fauna

via changes in habitat structure (Christensen et al. 1981; Smucker et al. 2005).

1.2.3 Fire season

Fire season refers to the climatic season (Gill 1975). Fuel moisture content varies among
climatic seasons which can affect fire intensity and severity (Govender et al. 2006). The

season of fire can also affect post-fire responses (Bowen and Pate 1993) and reproduction
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timing (Taylor et al. 1998) in plants, plant community composition (Tsafrir et al. 2019),
population dynamics and breeding in fauna (e.g., birds: Murphy et al. 2010; mammals:
Begg et al. 1981; reptiles: Greenberg et al. 2018), and influences seedling emergence (Ooi
et al. 2004; Knox and Clarke 2006). Shifts in the timing of fires from early to late in the
dry season can influence the intensity of a fire which has been associated with the loss of

small mammal biodiversity in northern Australia (Firth et al. 2010; Woinarski et al. 2010).

1.2.4 Fire patchiness

Fire patchiness refers to the spatial variability in characteristics within a fire, as fires will
rarely burn uniformly through an area (Price et al. 2003). Fire patchiness will increase as a
result of topographic features such as slope and aspect, gullies and rocky outcrops (Keith et
al. 2002; Price et al. 2003; Penman et al. 2007) and variations in wind, vegetation type and
soil moisture (Anderson et al. 2008). Unburnt patches or areas burnt at a lower intensity in
the landscape can provide refuge for species during and after a fire and can occur within an
individual fire area or at a landscape scale (Penman et al. 2007; Robinson et al. 2013).

Low intensity fires are usually patchier than high intensity fires (Catchpole 2002).

1.2.5 Altered fire regimes

Each of the attributes of the fire regime can influence fire behaviour (Whelan 1995) and as
a result, the fire regime is more influential than a single fire event in terms of long-term
impacts on a landscape (Wilson et al. 2014). Humans have been using fire since pre-
historic times, however industrialisation and changes in land use and management have
resulted in altered fire regimes from pre-European colonisation in many regions (Veblen et
al. 2000; Moreira et al. 2001; Russell-Smith et al. 2007). Anthropogenic-influenced

Alterations to fire regimes have caused widespread habitat destruction in fire-reliant
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habitats throughout the world (Bowman et al. 2011, 2013), with over 60 % of terrestrial
habitats experiencing altered fire regimes (Archibald et al. 2012). Of the fire-sensitive
habitats of the world, 70% have experienced altered fire regimes (Shlisky et al. 2009) and
areas where fire has been rare or absent have recently been burned (e.g., Indonesia,
Chisolm et al. 2016; South America, Barlow et al. 2020; The Arctic, Hu et al. 2015).
Inappropriate fire regimes are a key threat to almost half (44%) of Australia’s threatened
species (Evans et al. 2011). Altered fire regimes have resulted in a reduction in the extent
of many vegetation communities (Gil-Romera et al. 2010), reduced species richness in
plant communities (Cary and Morrison 1995), reductions in the quantity and quality of
habitat (Chia et al. 2015), and changes to the relative abundance of species in landscapes

(Watson et al. 2009; Kelly et al. 2011).

Increased urbanisation, increased population density and changes in land use have
led to habitat fragmentation and loss and altered fire regimes in many ecosystems (Gill and
Williams 1996; Theobold and Romme 2007) in many regions (Underwood et al. 2009),
leading to declines in biodiversity (Hobbs and Yates 2003). The fragmentation of habitat in
urban areas can lead to a reduction in fire frequency due to smaller patch sizes, loss of
traditional burning practices or active fire suppression (Cohen 2000; Hobbs and Yates
2003). Conversely, fire frequency can increase due to proximity to ignition sources and

land use changes (Sypahrd et al. 2007; Chas-Amil et al. 2013).

Given the impacts of altered fire regimes, urbanisation, land use, habitat loss, and
fragmentation, and the projected increase in fire frequency and severity under future
climate conditions (Liu et al. 2010), a better understanding of the impacts of different
components of the fire regime is urgently needed for biodiversity conservation (Driscoll et

al. 2010; Kelly et al. 2020).
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1.3 Fire and biodiversity

1.3.1 Plant responses to fire

Plant species differ in response to fire depending on the characteristics and stage of their
life cycle, the fire regime, and post-fire conditions (Gill 1981). The distribution of plants
within a landscape depends largely on their ability to survive or regenerate after a fire.
Plant mortality is directly linked to the intensity of fire (Burrows 1985; Williams et al.
1999), but different morphological and ecophysiological traits will influence which plants
survive a fire and survive in the post-fire environment (Keith 2012). Many plants have
developed fire-resistant traits (Gill 1981) which enable them to survive fire including thick
bark and serotiny (seed storage in cones or fruits; Lamont et al. 2020) to protect tissue
from heat damage (Burrows 2002), seed storage in the soil (Gill 1981), the ability to re-
sprout quickly after fire (Pausas and Keeley 2014), the release of seeds triggered by heat,
and germination triggered by smoke and heat (Keeley et al. 2011; Simon and Pennington

2012).

Based on these fire-resistance traits, plants generally regenerate after a fire in one
of two ways: resprouting (growth from new shoots of surviving tissue or dormant buds)
and seeding (growth from a fire-resistant seed bank) (Bell et al. 1984; Pausas et al. 2004).
Re-sprouting species generally survive the fire through protection of growing tissue by
thick bark or soil (Bond and Midgley 2001), have the capacity to regenerate from buds or
roots (Keeley and Zedler 1978) and are referred to as fire tolerant species (Whelan 1995;
Gill 1997). Obligate seeder species are frequently killed by fire but regenerate from seed
stored in the canopy or the soil (Bond and van Wilgen 1996) and are referred to as fire

sensitive species (Whelan 1995; Gill 1997). However, resprouting and re-seeding are not
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alternative response mechanisms, and some species exhibit both traits (i.e., facultative
seeders; Pausas et al. 2004; 2014). Re-sprouting species may also have stored seed from

which they can regenerate (Pausas et al. 2004).

Species show adaptive traits to a particular fire regime and are at risk under an
altered fire regime (Keeley et al. 2011). The effects of fire will differ with differing
persistence traits. For obligate seeder species (those Killed by fire), if intervals between
fires is less than the time required to germinate, flower, and produce seed (juvenile period),
then the species is at risk of decline or local extinction (Burrows 2008). Conversely, for
species requiring fire stimulus for germination, fire intervals exceeding the lifetime of seed
stored in a seed bank, may result in a decline in abundance or local extinctions (Bradstock
et al. 1996; Gill and McCarthy 1998). Altered season of burning can reduce mortality
(Jasinge et al. 2018), reproductive response or alter the timing of reproduction (Taylor et
al. 1998). Therefore, changes in the fire regime may result in changes in the species
composition of the vegetation via differential effects on individual species related to their

specific traits.

1.3.2 Fauna responses to fire

Fire has direct and indirect effects on animals, including mortality either directly from heat
or smoke, or indirectly through its influence on habitat or resources; increased predation;
behavioural or physiological changes; displacement of individuals or communities; and
alterations to the structure and function of habitat. Animals vary in their response to fire,
some abandon the area moving ahead of the fire (Christensen 1980), while others shelter
from heat generated by the fire in rock crevices, hollow trees, or burrows (Lawrence 1966;
Newsome et al. 1975; Main 1981; Whelan et al. 1996). After fire passes, some species

seek refuge in unburnt areas (Recher et al. 1975; Begg et al. 1981), while others will live
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or feed in burnt areas (Newsome et al. 1975). Some species modify their behaviour to
survive post-fire conditions e.g., reducing foraging by increasing torpor (Stawski et al.
2015) or using below-ground habitat (O’Donnell et al. 2016). Other species will utilise
both burnt and unburnt areas for shelter and feeding. Fauna remaining in burnt areas may
be more susceptible to predation by other animals due to reduced vegetation cover
(Andersen et al. 2012; Leahy et al. 2016), however some predators may avoid recently
burnt areas due to reduced cover (Rochester et al. 2010). For some species that favour
open conditions fire can have a positive effect (Hutto 2008; Fontaine and Kennedy 2012)
by making habitat conditions more favourable for foraging and thermoregulation (e.g.,
aerial, bark and ground foraging birds (Woinarski and Recher 1997; Bagne and Purcell
2011) and reptiles (Steen et al. 2015)). Some species rely on fire to create suitable habitat

(e.g., grazing herbivores; Bowman et al. 2016).

Direct effects of fire are generally immediate, whereas the indirect effects on fauna
occur through the influence on habitat and resources, which can span long temporal scales
(Watson et al. 2012). Fauna will recolonise an area in response to changes in vegetation
structure and density, as their food requirements and nesting and sheltering needs are met
(Fox 1982, 1990). Over time, as the vegetation changes and habitats are no longer suitable
for a species, they are outcompeted or replaced by other species more suited to the habitat
(Fox 1982; 1990; Greenberg et al. 1994; Monamy and Fox 2000; Taylor and Fox 2001a,
2001b; Letnic et al. 2004; Sitters et al. 2014). This succession pattern suggests that
changes in animal communities are driven by changes in habitat attributes. However, the
rate at which vegetation recovers after fire can also be influenced by other factors such as
temporal variations in precipitation (Monamy and Fox 2000; Letnic and Dickman 2010),
the pre- and post-fire climatic conditions (Pastro et al. 2011), and fire frequency (Mowat et

al. 2014) which can affect the resources available to fauna.
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1.3.3 Fauna habitat and fire

The term habitat is used to describe the various aspects of where species occur, but
descriptions of habitat can be based on: (i) the environmental conditions (living and non-
living) that are thought to meet the needs of a taxon; or (ii) the land cover or vegetation
type in which a taxon is typically found (Lindenmayer et al. 2008a). Vegetation structure
is described by the attributes (e.g., tree diameter, canopy cover, foliage arrangement, tree
height and spacing, plant species, understory vegetation and deadwood; McElhinny et al.
2005) and the number and abundance of different attributes present (structural complexity,
reviewed in McElhinny et al. 2005). Fire plays a key role in determining fauna distribution
and abundance across fire-prone landscapes and changes in fire regimes will affect habitat
and occupancy of the habitat. The structural attributes of the vegetation are critical
determinants of which fauna occupy the landscape as they provide the habitat on which
animal species depend directly or indirectly for breeding, shelter and food. Variation in the
resilience of species and response to the post-fire environment is related to habitat
preferences (Farji-Brener et al. 2002; Parr et al. 2004; Andersen et al. 2007). The rate at
which a fire regime alters the abundance of particular habitat characteristics will impact

upon species dependent on those resources (Burrows and Abbott 2003).

Habitat components can be affected by the fire regime in different ways. The
season of burning affects vegetation structure and composition due to seasonal differences
in growth and reproductive stages of species (McLoughlin 1998). Frequent fire can
simplify the vegetation structure leading to loss of key habitat attributes and fauna
diversity (Catling et al. 2001; Huston 2003; Eyre et al. 2010; Arthur et al. 2012; Aponte et
al. 2014; Bassett et al. 2015). In the longer-term fires that occur too frequently can
simplify the structure by reducing shrub and mid-storey plant cover, removing logs, and

reducing leaf litter cover (Bradstock 1981; Christensen et al. 1981; Fox and Fox 1987;
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Tasker and Dickman 2004) and may cause declines in fauna species (Woinarski et al.
2010), particularly small mammal species that are sensitive to fire (Andersen et al. 2005).
Human land uses (grazing, forestry and clearing for development) combined with fire can

further alter vegetation condition and can simplify vegetation structure (Foley et al. 2005).

High intensity fires can lead to greater mortality of fauna (Recher et al. 1975;
Newsome and Catling 1983). Large fires that exceed the home ranges of animals can lead
to declines in local populations (Lawes et al. 2015) and the impacts on animal populations
can be further exacerbated by interactions with indirect effects such as predation after the

fire (Andersen et al. 2012; McGregor et al. 2016).

The severity of a fire will vary spatially in the landscape, due to variation in fire
behaviour led by environmental gradients such as fuel and surface moisture and
topography, vegetation, weather conditions, the amount and arrangement of fuels, and fire
history (Hammill and Bradstock 2006; Schoennagel et al. 2008; Holden and Jolly 2011,
Leonard et al. 2014). Variation in fire severity can increase heterogeneity in fire-prone
landscapes (Burton et al. 2008; Schoennagel et al. 2008), driving important ecological and
successional processes (Turner et al. 1998), and the creation of un-burnt refuges (Robinson

et al. 2013).

Refuges in the landscape are important for the provision of shelter and resources
(Fraser et al. 2003; Garvey et al. 2010; Banks et al. 2011; Shaw et al. 2021). Some habitat
attributes will be less affected by fire (e.g., rock outcrops, logs) and can provide refuge for
fauna during the passage of fire (Robinson et al. 2013). Refuges can also be patches of
vegetation with a higher moisture content than the surrounding vegetation (e.g., riparian
areas, gullies, or patches of rainforest) and can burn less frequently or severely (Bowman

2000; Penman et al. 2007). Changes in the fire regime (e.g., too frequent, or high intensity
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fires) can result in these areas burning as severely as the surrounding landscape (Leonard et

al. 2014), leading to homogenisation of habitat and a reduction in refuges.

Many studies have examined the response to fire of species, taxonomic groups and
vegetation communities (e.g., Vertebrates: Newsome et al. 1975; Recher et al. 1975;
Christensen 1980; Trainor and Woinarski 1994; Woinarski and Recher 1997; Sitters et al.
2014; Invertebrates: York 1999, 2000; Arid landscapes: Letnic, 2003; Letnic et al. 2004;
Heathland: Main 1981; Fox, 1982, 1990; Whelan et al. 1996; Monamy and Fox, 2000;
Woodlands: Valentine et al. 2012), the impacts of fire regimes on species or group of
species (e.g., Braithwaite 1987; Bradstock et al. 2005; Burrows 2008), and the impacts of
the various components of the fire regime (e.g., time since last fire: Coops and Catling
2000; Catling et al. 2001; Smucker et al. 2005; Watson et al. 2012; fire frequency and
interval: Andersen et al. 2005; Haslem et al. 2011; fire intensity: Abbott 1984; season of
burning: Griffiths and Christian 1996). Most of these studies though, have focused on one

aspect of the fire regime (e.g., time since fire) or a small number or species.

However, the combined effects of multiple fire regime components have been
shown to strongly influence biodiversity, including fire severity and time since fire (Hutto
and Patterson 2016; Roberts et al. 2020), inter-fire interval (Morrison et al. 1995; Haslem
et al. 2012; Aponte et al. 2014; Fairman et al. 2016), size, severity, and frequency (Lawes
et al. 2015), and the spatial patterns of overlapping fires (Sitters et al. 2014; Sollmann et

al. 2016).

1.3.4 Key habitat attributes and fire

Key structural attributes found to promote the persistence of fauna in forests and
woodlands include mistletoe, timber debris, cavities or hollows in trees or logs, leaf litter,

bark, and ground, shrub and canopy cover (McElhinney et al. 2006). Mistletoe have been
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described as a keystone resource in forests and woodlands because of their importance to a
range of species as a source of food and nesting habitat (Watson 2001b) and are associated
with increased species richness and resource availability (Watson et al. 2009). Most
mistletoe species are sensitive to fire (Kipfmueller and Baker 1998; Start 2015) and
changes in the size, severity and frequency of fires can reduce mistletoe abundance (Start

2015; Ritter et al. 2018).

Coarse woody debris including logs and branches provides habitat for a wide range
of vertebrate and invertebrate taxa (Freedman et al. 1996; McComb and Lindenmayer
1999). A reduction in the abundance and quality of logs and coarse woody debris by too
frequent fire can result in habitat loss for small mammals and reptiles (Spies et al. 1988;
Catling 1991; Webster and Jenkins 2005; Croft et al. 2010). For example, areas of
frequently burnt forests have been found to contain fewer logs with hollow and fewer

hollows in than areas with a longer time since fire (Collins et al. 2012; Croft et al. 2016).

Hollows in trees and logs are key habitat for a large number of species (Gibbons
and Lindenmayer 2002), and their requirements for hollows differs among species
(Goldingay 2009, 2012). Hollows are formed as a natural part of the decaying process after
limb loss or fire and can take 100-300 years to form in Australia (Wormington et al. 2003).
Fire can increase the abundance of hollows in the landscape due to scarring (Inions et al.
1989), however frequent and high intensity fire can burn hollow trees, reducing the

abundance and quality of hollows in the landscape (Inions et al. 1989; Eyre et al. 2010).

Bark and leaf litter are important habitat features for a range of invertebrate, bat,
reptile, and small mammal taxa (Claridge and May 1994; Majer et al. 2001; Lumsden et al.
2002; Wilson and Swan 2003). Fire can reduce the litter layer and bark on trees (Tolhurst

et al. 1992) reducing shelter and food resources. Frequent fire can lead to a reduction in
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litter decomposition rates by changing the composition of soil fungal communities (Holden
et al. 2013), altering invertebrate-fungal relationships (Brennan et al. 2009), and
decreasing litter moisture content due to increased aridity through the removal of the
understorey (Raison et al. 1986). Frequent low intensity fire can reduce species richness of
litter-dwelling invertebrates (York 1999) and the impacts of fire on the abundance and
diversity of species can vary with season (Campbell and Tanton 1981; Vasconcelos et al.
2009). Litter-dwelling fungi and invertebrates are an important food source for many
vertebrate species (Vernes and Dunn 2009) and the recovery of vertebrate fauna may be
linked with the recovery of litter. High severity fire can completely incinerate bark and leaf
litter, leading to reductions in abundance and richness of litter-dwelling invertebrates
(Buckingham et al. 2019), local invertebrate extinctions (Rodrigo et al. 2008), and loss of

habitat.

The ground, shrub and canopy layers of the vegetation provide crucial shelter,
nesting, roosting and feeding habitat for fauna (MacArthur and MacArthur 1961; Major et
al. 2001; Fischer et al. 2005; Debus et al. 2006). Fire will initially simplify the vegetation
structure through direct consumption of plant biomass and change the spatial and temporal
dynamics of vegetation (Bond and van Wilgen 1996). Fire can also increase structure
complexity by the post-fire germination and resprouting of plants (Gill 1975). Frequently
burnt or long-unburnt vegetation can become dominated by selected plant species at the

expense of others (Bradstock et al. 1996; Lunt 1998).

1.4 Managing landscape with fire

A common strategy in fire management for biodiversity conservation is to maintain

patches of differing fire histories within a landscape (pyrodiversity), known commonly as
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patch mosaic burning (Saxon 1984; Parr and Brockett 1999; Brockett et al. 2001,
Bradstock et al. 2005; Parr and Andersen 2006; Spies et al. 2012). A mosaic of differing
times since fire is considered important as species differ in their response to fire and
depend on resources that vary temporally with differing times since fire (Fox, 1982; Kelly
et al. 2015). A heterogeneous mosaic of different fire histories across space and time will
ensure diversity in habitat in a landscape, facilitating persistence of a greater diversity of
biota (Bradstock et al. 1995; Edwards et al. 2001; Burrows and Wardell-Johnson 2003;

Parr and Andersen 2006).

Evidence to support patch mosaic burning comes from studies in a range of
environments (Masters 1993; Woinarski et al. 1999; Letnic and Dickman 2005; Fuhlendorf
et al. 2006). Positive relationships between heterogeneity in habitat and species diversity
have been shown across many taxonomic and functional groups and at differing spatial
scales (MacArthur and MacArthur 1961; Tews et al. 2004; Stein et al. 2014) and many
species require a mosaic of fire histories in their home ranges (e.g., Woinarski and Recher
1997; Firth et al. 2010; Andersen et al. 2012). However, in some instances, heterogeneity
in habitat resulting from pyrodiversity has had no or even a detrimental effect on
biodiversity (e.g., Sutherland and Dickman 1999; Beckage and Stout 2000; Driscoll and

Henderson 2008; Lindenmayer et al. 2008b; Kelly et al. 2010).

More recent research has moved to a more strategic approach to fire management,
to determine the ideal ratio of vegetation age classes at a landscape level, based on known
fire responses of biota (Davies, et al. 2012; Kelly et al. 2012; Nimmo et al. 2013). Each
vegetation age class represents the time since last fire, where different resources (such as
nutrients, shelter and food resources) are provided with different age classes (Di Stefano et

al. 2013).
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However, the post-fire recovery of vegetation and habitat will also be influenced by
the legacies of previous fires (Catling 1991; Gill and Catling 2002). Previous fires will
vary in size and timing and, when overlain by later fires, create a complex pattern of
patches of differing fire history and vegetation structure in the landscape (Avitable et al.
2013). Vegetation responds differently to fire spatially and temporally and at multiple
scales (Pastro et al. 2013), influenced by fire history, rainfall gradients (Davies et al. 2012)
and interactions with other processes affecting vegetation structure (e.g., herbivores; Staver
et al. 2009). This can lead to geographic variation in the post-fire responses of fauna

(Driscoll et al. 2012).

The broad, blanket approaches of these strategies are limited by a lack of detailed
knowledge of appropriate fire regimes for most fauna species (Bradstock and Cohn 2002;
Clarke 2008). The response of many fauna species to fire, and the characteristics of the fire
regime necessary for animals to persist are mostly poorly understood (Bradstock and Cohn
2002; Clarke 2008). Fire regimes are often implemented with the assumption that the
needs of fauna will be met through plant diversity (Clarke 2008; Driscoll et al. 2010).
Thus, a key challenge is defining the appropriate fire regime that provides adequate

resources for the conservation of biodiversity.

1.4.1 Prescribed fire as a management tool

The south-east of Australia is one of the most fire-prone areas in the world (Dwyer et al.
2000; Russell-Smith et al. 2007) with most ecosystems having some level of reliance on
fire (Singh et al. 2002; Andersen et al. 2005). Much of the vegetation in Australia has
evolved with fire (Fox and McKay 1981; Singh et al. 1981) and many species of

Australian fauna show fire-adapted traits (Sutherland and Dickman, 1999).
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Fire has been applied purposely to the landscape in Australia for up to 65 000 years
(Clarkson et al. 2017), beginning with Indigenous Australians using fire to manipulate
landscapes to minimise the risk of wildfire and to improve hunting and access through the
landscape (Nicholson 1981; Bowman 1998). Prescribed burns are still applied to the
landscape for wildfire management, life and property protection, agricultural and forestry
practices, and to conserve biodiversity (Whelan 1995; Tran and Wild 2000; Andersen et al.
2005; Bartlett et al. 2007; Morgan et al. 2020). Land management agencies are generally
required to protect life and property from fire as a first priority. The extent and severity of
wildfire can be reduced through prescribed burning to reduce fuel loads in the landscape
(Fernandes and Botelho 2003; Morgan et al. 2020), in combination with the active
suppression of wildfires. In Australia, prescribed burning is also used to achieve
conservation goals, such as maintaining biodiversity (Bradstock et al. 1995; Richards et al.

1999; Haines et al. 2001).

1.4.2 Burning for hazard-reduction objectives

Recent large-scale wildfires in south eastern Australia (including the 2003 and 2005 fires
in the Alpine region, the 2003 Canberra fires, the 2004, 2013, 2019-20 NSW fires and the
2009 Victorian fires) and the associated loss of lives and properties have placed the fire
management practices of land managers in the spotlight (Clarke 2008), with calls to
increase the amount of prescribed burning for hazard reduction undertaken each year

(Teague et al. 2010).

Prescribed burns to reduce hazardous fuel loads (hereafter hazard-reduction burns)
are carried out with the primary goal of reducing the risk of wildfire to human lives and
infrastructure. These burns are generally low-intensity fires with a flame height of up to 1

metre, designed to reduce the fuel loads in an area (Gill et al. 1987; McCarthy et al. 2001;
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Whelan 2002, 2009). The trigger for hazard-reduction burning is when the fuel loads reach

defined levels, for example around 15 t ha-1 in some forests (McCarthy 2002).

Hazard-reduction burns are generally concentrated around the rural-urban interface,
as they are more effective at reducing the intensity of wildfires than active suppression
(Price and Bradstock 2011), and thus more effective in supporting safe evacuation and
protection of property (Price and Bradstock 2012). These burns are typically undertaken in
mild weather conditions to create low-intensity, manageable fires (Penman et al. 2011).
Prescribed burning however, involves many uncertainties. The effectiveness of prescribed
burning in reducing the risk of wildfire is limited and dependent on climatic factors such as
temperature and rainfall (Bradstock et al. 2012), and the impacts on ecosystems can be

complex (Altangerel and Kull, 2013).

1.4.3 Burning for ecological objectives

Prescribed burning where the primary objective is the conservation of biodiversity
(hereafter ecological burns) are one tool used to minimise risk of species extinctions
(Bradstock et al. 1995). As life and property protection are not the primary goals, the
timing of burns can be manipulated to promote specific responses of biota and can be
applied at a variety of scales and arrangements to suit different objectives (Whelan 1995).
Ecological burns are typically low intensity burns which can result in patches of un-burnt
micro-habitats that can provide refuge for fauna during a fire (Andrew et al. 2000). Low
intensity, patchy burns can reduce the incidence of high intensity wildfires thereby leading
to an increase in abundance and diversity in some species following the fire (Sitters et al.

2015; Radford et al. 2020).

Given the importance of pyrodiversity in the landscape for the persistence of many

species (Bradstock et al. 1995; Edwards et al. 2001; Burrows and Wardell-Johnson 2003;
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Parr and Andersen 2006), and the impact to ecosystems from the departure of historical
fire intervals (Lunt 1998; Pausas 2009), designing and implementing ecologically
sustainable fire management is key for conserving biodiversity in any landscape. Fire
return intervals, which guide the targets for proportions of the landscape in any given state,
can be calculated in a number of ways including fuel biomass (e.g., South Africa: Brockett
et al. 2001; van Wilgen et al. 2008), natural fire intervals and age class distributions (e.g.,
Sweden, Angelstam 1998; Australia: Woinarski and Winderlich 2014), or flora life history
traits and responses to fire (e.g., Australia: Watson 2001a; Burrows and Abbott 2003).
Prescribed burning programs to maintain biodiversity have been implemented in a range of
ecosystems across the world including forests (Burrows and McCaw 2013), grasslands
(Van Dyke et al. 2004; Clark et al. 2020; Radford et al. 2020), and heathlands (Ascoli et

al. 2009; Murphy et al. 2015).

However, these programs are generally based on managing vegetation and rarely
make reference to considerations for fauna (Clarke 2008; MacHunter et al. 2009; Fontaine
and Kennedy 2012), largely due to a lack of ecological knowledge on the needs of fauna in
regard to fire (Bradstock and Cohn 2002; Clarke 2008). The responses of plants and
animals to fire are complex, due to the interactions between attributes of the fire (intensity,
extent, and season of burning), fire history, habitat conditions, landscape attributes and
climatic factors including rainfall and drought (Gill 1981; Whelan 1995). Fire intervals
derived from the fire response of one plant species fail to consider important elements such
as fire intensity and the legacies of historic fires (Driscoll et al. 2010). This may result in

outcomes not suitable for all species, including other taxa (Clarke 2008).

Moreover, habitat attributes such as tree hollows and decaying logs may take
longer to develop than the time frames needed for plant reproduction and survival (Driscoll

et al. 2010; Di Stefano et al. 2013). Key habitat attributes for many fauna species such as
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tree hollows, fallen logs and dense cover are thought to be more abundant in long-unburnt
vegetation (Harmon et al. 1986; Kenny et al. 2003; Croft et al. 2016) and long unburnt
habitat has been found to be disproportionately important for some species (Kelly et al.

2012; Taylor et al. 2012; Nimmo et al. 2013).

1.4.4 Guidelines for ecological burning in New South Wales

One way of estimating appropriate fire regimes for flora is based on functional life-history
traits of species relating to responses to fire (Noble and Slatyer 1980; Gill 1981; Pausas
1999). Noble and Slatyer (1980) defined the most important groups of vital attributes of
plant species for response to disturbances such as fire as: “(i) method of arrival or
persistence at the site during or after a disturbance; (ii) ability to establish and grow to
maturity after fire; and (iii) time taken to reach critical life stages”. With fire return times
outside these intervals species declines can be expected (Richardson et al. 1994; Pausas et

al. 2004; van Wilgen et al. 2011; Di Stefano et al. 2013).

Current ecological fire management within NSW National Parks is based on a
framework of recommended minimum and maximum fire intervals required for vegetation
groups to maintain plant diversity (Kenny et al. 2003; Bradstock and Kenny 2003). The
minimum fire-interval is based on the most fire-sensitive species in the vegetation type (Di
Stefano et al. 2013). Fire-return intervals are applied at a scale based on the NSW
vegetation classification system that groups vegetation into broad categories of formations

(Kenny et al. 2003; Keith 2004).

However, variations in fire regimes have been shown to be strongly associated with
local topography, climate (Beaty and Taylor 2001; Hellberg et al. 2004; Flatley et al.
2011), soil and geological features (Fensham and Kirkpatrick 1992; Keith 2011). Broadly

categorised land cover types will not always reflect the amount of suitable habitat for
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particular animals. A large area of forest, for example, may not be suitable habitat for
forest-dependent animals due to the lack of old-growth necessary to provide critical

habitat, such as hollow logs and hollows in trees (Lindenmayer and Franklin 2002).

1.5 Fire History

Accurate fire histories are important for land management, strategic fire planning, and
ecological research (Hardy et al. 2001; Whelan 2009; Driscoll et al. 2010). Fire data are
used to prepare for wild and prescribed fires, allocate resources, forecast fire danger
(McArthur 1966,1967), and model changes in fire behaviour due to climate change
(Bradstock et al. 2012).

Given the deleterious effects of inappropriate inter-fire intervals on plants, animals,
and habitat (Cary and Morrison 1995; Morrison et al. 1995; Bradstock et al. 1997,
Andersen et al. 2005; Haslem et al. 2012), knowledge of the attributes of the fire regime in
a given area is critical to understanding how fire regimes affect biodiversity (Morgan et al.
2001; Driscoll et al. 2010).

Fire records are generally stored in written format, or spatially in Geographical
Information Systems (GIS) and reliable and comprehensive fire history data can allow for
the evaluation of patterns including frequency, severity, ignition type, and area burnt
(Morgan et al. 2001; Wittkuhn and Hamilton 2010). However, accurate fire history records
are poorly known for many regions (Whelan 2009; Short 2014), and rarely contain data on
all aspects of the fire regime such as patchiness and severity (Srivastava et al. 2013;
Russell-Smith et al. 2017).

Error is inherent in spatial data, and common sources of error in spatial datasets
include incompleteness of records, repeated records, locational bias, and missing records

(Kasischke et al. 2002; Kraaij et al. 2013; Short 2014; Syphard and Keeley 2016).

Williamson 2021 22



Chapter One

Inconsistencies in the amount and type of error in datasets may arise due to sampling bias,
uneven collection effort (YYang et al. 2013), or data being combined from different sources
(Sheeren et al. 2009). Unreliable fire history has the potential to impact on the

interpretation of fire history, limiting the use of fire history data for analyses of long-term

responses of biota to fire regimes (Syphard and Keeley 2016).

1.6 Objectives of this thesis

This thesis is an examination of fire history and fire management in the context of fauna
conservation in NSW, Australia. Initially, I asses how the quality of data may affect the
interpretation of fire history, then I identify sources of error in the database. Subsequently,
| test whether distributions of time since fire for different vegetation types follow predicted
trends at varying scales and identify the degree to which distributions of time since fire are
influenced by landscape management actions. Finally, | examine the relative influence of
time-since-fire, inter-fire interval, environmental and abiotic factors, and vegetation type
on fauna habitat at a fine scale. A summary of the key objectives of this project is outlined

below.
Chapter Two

Chapter two is a general methods chapter which outlines the study site and a detailed
description of the methods used in each subsequent chapter. This chapter also details the
pilot study undertaken to finalise the layout and methods for the field work component of
this thesis. Chapters three to five were prepared as individual papers and there is some

repetition of the study site and methods in these chapters.
Chapter Three

Fire records for NSW are contributed to by multiple fire agencies and exist in multiple
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datasets. In this chapter | describe the process for the integration of multiple datasets and
the steps undertaken to identify and merge replicate records. | examine how the quality of
the data may affect interpretation of fire history for biodiversity conservation. | use a novel
approach to examine trends in the database over time and compare multiple methods of

change point analyses.

Chapter Four

Variations in fire regimes have been shown to be strongly associated with local
topography, climate (Beaty et al. 2001; Hellberg et al. 2004; Flatley et al. 2011), soil and
geological features (Fensham and Kirkpatrick 1992; Keith 2011). This chapter examines
the extent to which distributions of time since fire in different vegetation types and at
different scales follow predicted patterns. | examine the relative influence of land

management actions on distributions of time since fire.

Chapter Five

Variations in combinations of fire severity and inter-fire intervals impact vegetation
structure, composition, and therefore habitat differently (Steel et al. 2021). In this chapter I
used a field-based study to investigate the impacts of fire history, vegetation type, and
environmental factors on habitat attributes, and the extent to which they vary among

vegetation types.

Chapter Six

In this chapter | present a summary of the main findings and discuss their implications for
management for biodiversity conservation. I make specific recommendations for fire
management for the conservation of fauna and fauna habitat, and directions for further

research.
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Chapter 2 Study area and general methods

My study had two components; Part 1 was a desktop Geographical Information Systems
(GIS) analysis of the fire history of New South Wales (NSW), and Part 2 was a field-based
study of habitat attributes in relation to vegetation type and fire history. The second
component used the results of the first component to select field sites. In this chapter, |
have expanded on the details of the methods given in Chapters 3, 4, and 5. In those
chapters, these methods appear more as they would in a publication. Some of the
descriptions of methods here remain very similar to that appearing in Chapters 3, 4, and 5,

and are repeated here just to provide context to the surrounding methods.

2.1 Study Area

My study area was the State of New South Wales (NSW), occupying 80.1 million ha in
south-eastern Australia. Geographically, NSW is divided into three regions: a thin, coastal
strip in the east with a length of 2137 km; the Great Dividing Range, a complex of
mountain ranges, escarpments and plateaus running parallel to the coast, ranging in width
from 50 to 160 km and in elevation from 300 to 2228 m; and the low, western plains,

which cover almost two-thirds of the State.

The climate of NSW is spatially and temporally variable. In the mesic east the
climate varies from north to south. The southern climate is cool with uniform rainfall
through the year (mean annual rainfall 600-1500 mm). The northern climate is humid and
sub-tropical with high summer and low winter rainfall (mean monthly rainfall winter 200-
400 mm, summer 400-800 mm; Bureau of Meteorology 2020a). The Great Dividing Range

enhances rainfall near the coast and contributes to the main environmental gradient running
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from the temperate east (mean annual rainfall 600 - 2000 mm, warm summers and cold
winters, mean annual temperature range 9 — 24°C) to the semi-arid and arid west (mean
annual rainfall 100 - 500 mm, hot dry summers and cold winters, mean annual temperature
range 12 — 27°C) (Bureau of Meteorology 2020a, b). The alpine and sub-alpine regions of
the Great Dividing Range in southern NSW experience high winter precipitation and dry
summers (mean annual rainfall 2000-2000 mm, mean annual temperature range 6 — 12°C)

(Bureau of Meteorology 2020a, b).

2.1.1 Vegetation

Areas mapped as extant vegetation in 2010 (49.5 million ha, 62% of NSW) were used in
Part 1 of my study, and any areas mapped as cleared were excluded (30.6 million ha)
(Keith and Simpson 2010). The extant vegetation of eastern NSW is dominated by wet and
dry eucalypt forests, with a small area of alpine and sub-alpine vegetation in the south-east,
and small areas of rainforests scattered down the east coast, predominantly in the north
east. West of the Great Dividing Range vegetation is comprised largely of grasslands, open

woodlands and arid shrublands (Groves 1994).

Extant vegetation of NSW is classified based on structure and physiognomy into
ten formations, of which four are divided into two sub-formations (hereafter formations
and sub-formations are referred to as formations) (Keith 2004; Table 2.1). The 16
formations are further subdivided into 103 classes based on shared structural and floristic
characteristics (Keith and Simpson 2010; Table A2.1). Of the 103 classes, seven had <42
ha of fire recorded, or only had fire records for one or two years and were not used in
analyses. These formations and classes are the ‘vegetation types’ of my study. Each
vegetation type was classified as eastern, western, or widespread (Table 2.1). Eastern

vegetation types had >90% of their area east of the western edge of the Great Dividing
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Range and western vegetation types had >90% of their area west of the western edge of the
Great Dividing Range). Widespread vegetation types occur in both eastern and western
NSW (Table 2.1) and were excluded from all east/west comparisons. Vegetation types
were further classified as wet based on mean annual rainfall exceeding 900 mm or being
dominated by plant species tolerant of periodic inundation or waterlogging (Keith 2004).

Vegetation types not meeting this definition were classified as dry.

Except for Alpine and Heathlands, the formations span between 0.5 and 8.8 million
ha of NSW. The arid and semi-arid western formations each span a large range and
combined they range from ~800 km from the western border of NSW to almost the
western edge of the Great Dividing Range. Three of the four extend approximately 500 —
700 km from the northern to southern borders of NSW. The eastern formations are more
restricted within the eastern third of the State, however all but the Alpine formation extend

the approximately 950 km from the northern to the southern border.

2.1.2 Land managed for biodiversity conservation

The NSW National Parks and Wildlife Service (NPWS) is responsible for over 7 million
hectares (9% of NSW) of land within NSW (Figure 2.1). NPWS Estate land was used in
both parts of my study for exploring fire history in areas managed for biodiversity
conservation. NPWS Estate land was used in Part 1 of the study for comparing the quality
of fire records and fire history in areas managed for biodiversity to those not. The field

work for Part 2 of the study was carried out within NPWS Estate land.

Authorities use a zoning system to set fire management objectives across NSW;
lands where asset protection is not the primary objective, and a key use of fire is to
promote ecological outcomes such as biodiversity conservation, are termed Land

Management Zones (LMZs) (Office of Environment and Heritage 2013). Approximately
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9.5% of NSW is set aside as formal reserves, and approximately 10% of privately-owned
land is managed for conservation (NSW Environment Protection Authority 2018).
Although LMZs occur in these and other tenured land, here only the 6.5 million ha

(14% of extant vegetation) zoned as LMZs in NPWS land (NPWS LMZ) were used.

Within NPWS LMZs, guidelines for fire management of vegetation formations aim
to ensure that each vegetation formation has a range of post-fire ages aimed at minimising
the loss of vascular plants and threatened fauna (Kenny et al. 2003). These guidelines
identify for each formation/sub-formation: a minimum interval, the shortest inter-fire
interval to avoid localised decline or loss of species due to too frequent fire; and a
maximum interval, a predicted time since fire beyond which senescence of plants and
stored seed can lead to plant species loss. It is recommended that at least 50% of a
formation has times since last fire between the minimum and maximum intervals, less than
35% below the minimum interval, and less than 35% above the maximum interval (Kenny
et al. 2003; Office of Environment and Heritage 2013). Four vegetation formations have
the recommendation that deliberate burning should be avoided: Alpine, Arid Shrublands
(Chenopod sub-formation), Rainforests and Saline Wetlands (Kenny et al. 2003). Whilst
the recommended intervals in NSW are implemented at a formation level and not at the
class level, here | have not differentiated between formations and classes and applied the

recommended intervals for each formation to the classes within.
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Table 2.1. Vegetation formations and classes in New South Wales (NSW) and
National Parks and Wildlife Service Estate

For each formation or sub-formation: number of classes; abbreviation used in the thesis
(Abbr.); located (Loc.) predominantly in eastern NSW (E), western NSW (W) or
widespread through NSW (X); moisture level (Moist.): dry (D) or wet (M); total area and
percent with fire records for NSW; area within NSW National Parks and Wildlife Service
Estate Land Management Zones (NPWS LMZ) and percent with fire records; percent of
area not within NPWS Estate (non-NPWS) with fire records; and maximum number of

years since the most recent fire.

Formation/sub- Abbr.  Loc/  Total area Total area % non- Max.

formation [# classes] Moist. NSW (Mha)/ NPWS LMZ NPWS years
[% with fire (Mha)/ [% with fire  since
records] with fire records fire

records]

Dry Sclerophyll Forest ~ DSFS E/D 4.868 [63] 1.867 [86] 50 92

(Shrubby) [14]

Dry Sclerophyll Forest  DSFG E/D 2.762 [41] 0.724 [70] 31 92

(Shrubby/Grassy) [10]

Grassy Woodlands [7]  Grwd E/D 1.897 [30] 0.328 [78] 20 81

Heathlands [7] Heat E/D 0.174 [77] 0.109 [90] 55 81

Alpine [4] Alp E/D 0.152 [88] 0.135 [90] 69 79

Wet Sclerophyll WSFG E/M 1.771 [60] 0.576 [76] 52 92

Forests (Grassy) [5]

Wet Sclerophyll WSFS E/M 1.357 [60] 0.512 [70] 54 92

Forests (Shrubby) [4]

Rainforests [9] Rain E/M 0.551 [35] 0.311 [35] 35 92

Semi-arid Woodlands SASh W/D 11.601 [29] 0.685 [60] 27 67

(Shrubby) [9]

Arid Shrublands ArAc W/D 8.842 [6] 0.306 [18] 6 44

(Acacia) [4]

Arid Shrublands ArCh W/D 6.968 [3] 0.407 [5] 3 44

(Chenopod) [3]

Semi-arid Woodlands SAGr W/D 4.755 [6] 0.266 [5] 6 67

(Grassy) [5]

Grasslands [6] Gras W/D 1.337 [3] 0.055 [24] 3 80

Freshwater Wetlands FreW  W/M 1.349 [6] 0.074 [42] 4 80

[7]

Forested Wetlands [5] Forw XIM 1.014 [19] 0.179 [41] 14 81

Saline Wetlands [47] Salw XIM 0.073 [13] 0.017 [24] 9 80
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2.2 Fire history data

The fire history data to informs Parts 1 and 2 of my study were drawn from digitally stored
data, managed by the key fire management agencies in NSW. Other sources of fire records
have the potential to inform our understanding of fire history, but it was beyond the scope
of this thesis to explore these. The digital data used here were the most appropriate to meet
my research aim of exploring fire history in relation to biodiversity management; these
data are the key resource used to inform biodiversity and fire management decisions in

NSW.

0 95 190 380 Kilometres 4 4 N

Figure 2.1 New South Wales National Parks and Wildlife Service tenured lands which are

classified as Land Management Zones

2.2.1 Data sources

For the GIS studies that are reported in Chapters 3 and 4, and for selecting the field study
sites reported in Chapter 5, | used all fire records for NSW, which were stored within four

digital datasets, three managed by the NSW Rural Fire Service (NSW RFS) and one by the
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NSW Office of Environment and Heritage (OEH; now Department of Planning, Industry
and Environment).

Fire records in the datasets are contributed by four main agencies responsible for
fire management in vegetated areas of NSW: (i) the NSW Rural Fire Service (NSW RFS)
with fire management responsibilities for approximately 95% of the state; (if) NSW Fire
and Rescue Service, responsible for vegetated areas within urban and regional centres; (iii)
NSW National Parks and Wildlife Service, within NSW Department of Planning, Industry
and Environment , responsible for fire management within 7 million hectares of land; and
(iv) NSW Forestry Corporation, responsible for 2.2 million hectares.

Data in all four datasets are stored in GIS layers as spatial records of reported
incidences of wildfires, planned fires or mechanical hazard reduction. The NSW RFS
maintains the central fire database that is the primary source of fire data for wildfire
management across NSW.

At the time of the study one NSW RFS dataset (abbreviated as RFS_WF1)
contained wildfire records from 2001-2018, the second (RFS_WF2) contained wildfire
records from 1902-2007, and the third (RFS_HR1) contained hazard reduction records
from October 2006 to February 2016. The NPWS dataset (NPWS_F) contained fire
records from 1902 — 2016 within NSW National Parks and Wildlife Service Estate (Table
2.2).

Each record in the datasets represents an individual wild or prescribed fire. The
four datasets contained information for the attributes: fire name or label; fire type
(prescription or wild); year of fire; fire season; start and end dates of the fire; cause (e.g.,
lightning, campfire, equipment use, undetermined); data capture method (thermographic
camera, satellite data, GPS airborne, GPS car, hand drawn or unknown); data source

(agency or department who supplied data); fire size (area), fire perimeter length; branch or
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division of RFS that responded to the fire; and the management area within which the fire
occurred. Eight of the eleven attributes in the RFS and NPWS_F datasets relevant to these
analyses were used (Table 2.3). The remaining attributes were only useful to the agency
(e.g., objective met). Not all records contained information for all attributes. For each
record in each original dataset a unique identifying number ‘Record ID” was assigned that
linked it to the original dataset and record. If records did not have a value for year of fire, a
single calendar year was assigned to the records based on start or end date. If there was no
date, the earlier of the two calendar years recorded for season was used. Thus, for fires
with no start or end date, the wrong year may have been assigned e.g., fire season 2002 -
2003, fire year assigned as 2002 but fire occurred in 2003. The four datasets were then
projected using GDA94 (NSW Lambert Projection) coordinates and the fire size (area) and

fire perimeter length were recalculated.

2.2.2 Data cleaning

Prior to any analyses, a three-step cleaning process was undertaken. As a first step to
producing a complete list of recorded fires for NSW, an initial clean of each of the four
datasets removed any record which was not a fire or with insufficient information in the
attributes to determine whether it was a fire record. The RFS_HR1 dataset included non-
fire management actions; the 82 443 records that contained the words ‘mechanical,
‘chemical’, ‘grazing’, ‘slashing’ or ‘other’ in the method column of the attributes table
were removed so only records containing the word ‘burn’ were retained. The 2605 records
(totalling 81 861 ha) in the RFS_HR1 dataset that had no attribute information were
removed, as these records could not be used in analyses. The 1841 fire (total of 0.4 ha)
records <10m? were also removed as it was unable to be determined if they were fire

suppressed quickly, pile burns of collected debris, or a data entry error (Table 2.2).
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The second step was an automated clean using tools in ArcMap (ESRI 2013) to
identify replicate records. Fire Name and Fire Year were used in the ‘Find Identical’ tool to
find replicated records within a data set. These deleted records were visually checked to
ensure they were replicates of a retained record. The ‘Are Identical To’ option within the
‘Spatial Join’ tool was then used to compare to find any records with identical fire year,
area (ha) and perimeter (m) between data sets. The polygons for each record identified by
the ArcMap tools were visually checked and repeat records of the same fire were removed,
whilst retaining all attribute information if spread among multiple records. The four
cleaned datasets were then merged into one database (hereafter database (a)).

The final step was a manual-clean of database (a) where records were sorted
alphabetically by fire name and then year.

Then, after a visual inspection, any polygons with the same fire name and year and
overlapping perimeter were merged. Most fires in database (a) did not have a fire name, so
all records were sorted chronologically then each record was selected, and the information
icon used to identify multiple layers of records with the same year and the same or similar
area and perimeter size. Any records matching these criteria were merged into one record,
resulting in the creation of a new boundary that covered the maximum possible area for all
records of that fire. As some of the boundaries were slightly different this process may
have inflated the area burnt for some records. Most records did not have information on
season or month of fire so this process may also have merged fires that occurred at
different times in the same year and in the same area. These criteria for merging may not
have recognised replicate records of small fires which were recorded with different
coordinate systems or datums and did not overlap. Database (a) contained 36 176 unique

records of fires in extant vegetation from 1902 to 2018.

Williamson 2021 33



Chapter Two

Fire management varies among the 16 native vegetation formations, based on
structure and physiognomy (NSW Rural Fire Service 2021). GIS layers of the vegetation
formations of NSW (version 3.03, Keith and Simpson 2010) were used to create 16
separate subsets of database (a) for each vegetation formation within NSW (Table 2.1).
The “Clip tool in ArcMap (ESRI 2013) and a GIS layer of all LMZs in NSW was used to
create a further 16 sub-sets of database (a) for only the LMZ portion of each formation in

NPWS land managed for biodiversity conservation.

2.2.3 Quantifying error in the database

In Chapter 3 I quantified the error in the fire history data in database (a) and the potential
impact on biodiversity conservation. As a measure of error, | quantified the number of
replicate records and the percentage of records missing attributes important for biodiversity
conservation. This was done for NSW as a whole and each portion of each vegetation
formation in NPWS Estate and non-NPWS in database (a). A Wilcoxon-signed rank test
was used to compare the proportion of replicate records identified by the auto- and manual-
cleans. The difference in the median percentage of records missing attributes in a given
vegetation formation between NPWS Estate and non-NPWS was also tested, between
eastern and western NSW, or between wet and dry vegetation. As there was only one wet
formation in western NSW, wet and dry vegetation in eastern formations only were
compared. As the NPWS_F dataset only contained records until 2016, the 2017 —2018 data

fire records were omitted from all analyses using NPWS Estate data.

Williamson 2021 34



Chapter Two

Table 2.2. Contents of each of the New South Wales fire history datasets

Contents of each of the four New South Wales fire-management datasets and number of

records removed during pre-clean of datasets.

Dataset NPWS F RFS WF1 RFS WF2 RFS_HR1

Responsible Agency  NSW NSW RFS NSW RFS NSW RFS
NPWS

Contents and years NPWS NSW NSW RFS Hazard

included Estate Fire  Wildfire Wildfire Reduction Records
Records Records Records 18/10/2008-
1902-2016 2001-2018 1902-2007 20/2/2016

Number of Records 31845 10 648 32 158 94 300

(before any cleaning)

Total area (ha) 27 469 242 8886 119 19963284 1583621

No. deleted records 0 0 0 2 605

(no fire year)

No. deleted records 0 0 0 82 443

(not a fire)

No. deleted records 167 39 1594 41

(<10m?)

No. replicates found 2 978 82 188 3

in ‘Spatial Join’

No. replicates found 510 781 1738 221

in ‘Find Identical’

Number of Records 28 190 9 746 28 638 9 086

(after pre-clean)

* NSW NPWS: New South Wales National Parks and Wildlife Service

NPWS_F: NSW NPWS fire data set
NSW RFS: NSW Rural Fire Service

RFS_WF1: NSW RFS wildfire dataset 1 (2001 —2018)
RFS_WF2: NSW RFS wildfire dataset 2 (1902 —2007)
RFS_HR1: NSW RFS hazard reduction dataset (2008 — 2016)
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Table 2.3. Attributes from the four New South Wales fire history datasets

For each attribute relevant to fire: name used by datasets; explanation of attributes; source

dataset(s) (NSW Rural Fire Service (RFS_F1, RFS_F2, or RFS_HR) or NSW National

Parks and Wildlife Service (NPWS_F)); and percentage of records missing each attribute

after merging the four datasets and removing replicate records.

Attribute name  Explanation of attribute Source % of
dataset(s) records
missing
attribute
Fire name” Name given by fire agency All 52
Year of fire” Year fire occurred (expressed as a single RFS F1/ 42
year) F2"
Fire size
(area) * Total number of hectares recorded as burnt Al 0
Fire perimeter Length (m) of perimeter boundary of fire All 0
length polygon
Fire season / Fire season, expressed over two calendar RFS F1,F2 16
fire year® years (e.g., 1998-99) / NPWS_F~
Fire start date®  Day/month/year the fire started All 348
Fire end date” Day/month/year the fire extinguished All
Cause” Fire cause, e.g., arson, lightning, campfire, All 79¢
equipment use, undetermined
Fire type® Wild or prescribed NPWS F* 0
Method class®  Hazard reduction method RFS HR® 0
Capture method Method of mapping boundaries e.g., All 54
thermographic camera, satellite data, GPS
airborne, GPS car, hand drawn
Capture source  Agency supplying data e.g., RFS, NPWS, All 15
Fire and Rescue, NSW Forestry Corporation
Intensity” Measure of fuel consumption NPWS F* 82

“ Aused in analyses; B missing one or both start or end date; © including records with cause

listed as ‘unknown’

“NSW NPWS: New South Wales National Parks and Wildlife Service; NPWS_F: NSW
NPWS fire data set; NSW RFS: NSW Rural Fire Service; RFS_WF1 and WF2: NSW RFS
wildfire datasets 1 and 2; RFS_HR1: NSW RFS hazard reduction dataset
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2.2.4 Assessing completeness of the database

There is potential for error in interpretation of fire history due to missing records and it is
important to understand the uncertainty associated with any dataset. To determine the
completeness of the four electronic fire datasets, a search of the electronic newspaper
archive of the National Library of Australia (Trove) was conducted. Trove is an online
collection which allows full text searching of newspaper articles published in Australia
from 1803 to 2009. The intention was not to compile a comprehensive fire history, and as
such no other historic records were examined.

In Trove all available digital copies of 479 newspapers published in NSW between
1803 and 2009 were searched. The search term ‘bush fire” was used to find potential
articles. The criteria for inclusion of fires as relevant records were that they were within 10
km of vegetation that was extant in 2018 (including on private property).

The initial search encompassing the whole of NSW resulted in 450817 articles, so
the first 100 articles per year were selected (or all articles if fewer than 100 per year) from
1800 to 2009. There were only 14 newspapers in the Trove archive after 1970, none of
which had any reports of fires, so the results only include articles found between 1800 and
1969. No other sources of fire records were searched for after 1970 as satellite imagery and
spatial mapping programs allowed more systematic data collection after that date.

Each article was skim-read to identify fires that met the criteria. Not all articles
cited fire size, so a fire was included if it was described as large or was at least five
hectares. Each fire identified from the Trove search was then cross checked to determine if
it was recorded in database (a).

A more systematic search was undertaken for each of the vegetation formations in

the western part of NSW as there were fewer fires reported in the western half than the
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eastern half of the state. Reports of fires between 1800 and 1969 within all major towns

that were settled and had newspapers in the 19" Century were searched for.

2.2.5 Assessing change in area burned

A common and important use for fire history data is to analyse change in the
spatiotemporal patterns in fire activity. As fire patterns are predicted to further change with
climate change in many ecosystems, the need for accurate and consistent methods for
detecting change is required. One method for detect changes in scale, location, distribution,
or timing is change point analysis (Fearnhead and Ragaill 2017).

Here | use change point analysis to test for temporal patterns in scale and location
in recorded area burnt, missing attributes, or repeated records in database (a). The original
tests for change points were for detecting a single change point (Page 1955), more recently
tests for multiple change points in time series data have been developed for use in areas
such as finance and climate change, generally performed on large datasets. Use with small
datasets may lead to excess noise, lack of statistical power (Andersen et al. 2009), and
difficulty determining thresholds to compare the test statistic against (Ross et al. 2011),
resulting in an increase in false positive detections. As database (a) is comparatively small
(117 data points (years) from 1902 to 2018), consistency among seven methods of
determining change points was compared.

Many of the most commonly used change point tests are parametric and their
assumptions were not always met with database (a) data, but non-parametric tests also
exist for single and multiple change point analyses. Two parametric methods (one single
and one multiple) and five non-parametric methods for detecting change points (one single

and four multiple) were used. All analyses were conducted in R (R Core Team 2018).
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The two tests for a single change point were: (1) a non-parametric two-tailed
hypothesis Pettitt test using the ‘trend’ Package (Pohlert 2018); and (2) an F-statistic using
the ‘strucchange’ package (Zeileis et al. 2002).

The five tests for multiple change points were: (1) a parametric dynamic algorithm
which estimates change points (with 95% confidence intervals) that minimise residual sum
of squares (Bai and Perron 2003; Zeileis et al. 2003), (strucchange package (Zeileis et al.
2002)); (2) the “E-Divisive’ non-parametric method based on U-statistics (ecp Package
(James and Matteson 2014)); and (3) a non-parametric Lepage-type hypothesis test based
on Lepage (1971) (cpm Package (Ross et al 2011; Ross 2015)).

The Lepage and Mood tests appeared to detect a change point at 1937 for every
formation. I was unable to determine when this was an error (possibly due to small sample
size) or a real change point, so further tests designed to detect changes in location and scale
parameters respectively were performed: (4) a non-parametric Mann-Whitney statistic
(cpm Package (Ross et al 2011; Ross 2015)); and (5) a non-parametric Mood statistic (cpm
Package (Ross et al 2011; Ross 2015)).

Data for total area burned per year were logarithmio transformed to reduce
skewness and heterogeneity of variance prior to change point analysis. Each dataset was

converted to a time series and the seven change point tests performed.

2.3 Distributions of time since the most recent fire

In Chapter 4 | analyse the variation among, and predictors of distributions of time since the
most recent fire among vegetation types. This was done for NSW as a whole and each
portion of each vegetation formation in NPWS Estate and non-NPWS. | also compare
distributions within areas managed for biodiversity conservation to the most diverse

distributions achievable under management guidelines.
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2.3.1 Calculating time since fire, fire frequency and fire intervals

The result of multiple overlapping fires through time in the landscape is small patches of
the landscape with differing fire histories to the neighbouring patch. To determine the
characteristics of the fire history for all extant vegetation in NSW (time since fire, fire
frequency and fire intervals) it was necessary to create a new fire database. This was done
using the ‘Count Overlapping Polygons’ (Honeycutt 2012) tool in ArcMap (ESRI 2013),
which defines the boundaries of each area which had a differing fire history to its
neighbouring areas. The final step of the tool uses the ‘Spatial Join’ tool to count the
number of polygons that overlap the centroid. The output contains a ‘Join Count’ field
which lists the number of polygons that overlapped each centroid.

A unique identifying number was assigned to each new polygon in the output. This
was then joined back to the original database shapefile using the ‘Identity’ tool, which
matched the output polygons with the database polygons based on their spatial locations.
The resulting attributes table contained all the original attribute information from the
database and the new join count and unique identifying number for each polygon.
Polygons with matching unique identifying numbers were the overlapping polygons that
were identified from the ‘Count Overlapping Polygons’ tool and each was from a different
fire. The fire history for each polygon was determined and each subsequent year was
appended to the most recent record (e.g., F1, F2...). The interval between each fire was
also calculated and appended to the most recent record (e.g., INT1, INT2...). The ‘Delete
Identical’ tool was used in ArcMap to remove all remaining records with matching unique
identifying numbers.

This resulted in a new dataset of 451 684 polygons within extant vegetation with
unique fire histories (hereafter database (b)), ranging in size from 0.000007 m? to 156 795

6 ha. The 110 515 records (109 ha) that were Polygons <50 m? were removed as they were

Williamson 2021 40



Chapter Two

most likely an artefact of boundary recording errors, as most occurred along the road edges
and shorelines. For each of the remaining 341 169 polygons the number of years between
June 2018 and the most recent fire in that polygon was determined. GIS layers of the
vegetation formations of NSW (version 3.03, Keith and Simpson 2010) were used to create
16 separate subsets of database (b), one for each vegetation formation in NSW. The ‘Clip
tool in ArcMap (ESRI 2013) and a GIS LMZ layer was used to create a further 16 subsets
of database (b) for only the LMZ portion of each formation in NPWS LMZ. A further 16
subsets of database (b) were then created for the proportion of each vegetation formation

not within NPWS Estate LMZ (hereafter non-NPWS).

2.3.2 Calculating time since fire distributions

Time since the most recent fire (TSMRF) distributions were created by calculating the
proportion of extant vegetation with the most recent fire in each year of the 92-year fire
history using database (b). These distributions were used to compare the synchronicity of
the timing of fire events among vegetation types. The cumulative proportion with the most
recent fire in, or prior to each year was then calculated (C_TSMRF). These distributions
were used to determine the skew towards longer or shorter fire intervals among vegetation
types. Both distributions were created for each vegetation type in NSW, and for the
NPWS_LMZ portion and the non-NWPS portion of each vegetation type. The same
distributions were then calculated for the 82-year fire history to 2008, and 72-year fire

history to 1998.

2.3.3 Distributions in areas managed for biodiversity conservation

The cumulative proportion distributions of the greatest diversity of time since fire spread

over 92 years and within the recommended thresholds for each formation (Kenny et al.
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2003; Office of Environment and Heritage 2013) were calculated for each of the 12
formations with recommended intervals. For example, a formation with recommended
thresholds of minimum 5 years and maximum 50 years would result in 35/5 = 7% of the
formation at each of 1 to 5 years since fire; 50/45 = 1.1% at each of 6 to 50 years since fire;
and 35/42 = 0.8% at each of 51 to 92 years since fire. For each vegetation formation with a
fire management guideline, the percentage of the formation with the most recent fire within
the guideline thresholds, the percentage below the minimum guideline, and the percentage
above the maximum interval was calculated for the NPWS_LMZ portion and the non-
NPWS portion.

Using a one-way Analysis of Similarity (ANOSIM) the C_TSMREF distributions
and synchronicity of timing of the most recent fire events were compared among
vegetation types in NSW, within NPWS LMZs, and for non-NPWS. ANOSIM was also
used to compare distributions with the most diverse range of time since fire distribution
achievable, based on fire management guidelines (Kenny et al. 2003; Office of
Environment and Heritage 2013). Data were square-root transformed prior to calculating
Bray-Curtis similarity matrices. Hierarchical cluster analyses were used to determine the
similarity of distributions among formations (regional scale) and among classes (local
scale). To quantify the amount of variation among class distributions within a formation,
Bray-Curtis similarities of distributions across all classes within each formation were
compared. These analyses were conducted using PRIMER v7 (Clarke et al. 2014).

The C_TSMRF distributions of the NPWS LMZ portion of each vegetation type
was then compared to the non-NPWS portion distribution using a Kolmogorov-Smirnov
test (ks.test; R Core Team, 2020). Further details of all data analyses are provided in

Chapter 4.
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2.3.4 Predictors of distributions of time since the most recent fire

In chapter 4, | examined the relative importance of climate, location, population density,
land use, and fire history as predictors of the distributions of time since fire. | used the
Interim Biogeographic Regionalisation for Australia (IBRA) bioregion boundaries as
location predictors. These are delineated based on common environmental, vegetation and
land use influences (Thackway and Cresswell 1995). Vegetation formations and classes are

not restricted to one bioregion and may span many.

For the six most eastern IBRA bioregions in NSW: New England Tablelands
(NET), NSW North Coast (NNC), South East Corner (SEC), South East Highlands (SEH),
South East Queensland (SEQ), and Sydney Basin (SYB) (Figure 2.2; Table 2.4, A2.2), the
proportion of each vegetation class, and the proportion within the LMZ portion of each
class within each bioregion was calculated. Western bioregions were not used as there was
insufficient fire data to analyse. Classes with <1000 ha within a bioregion (and <500 ha
within the LMZ portion of each bioregion) were deemed to have insufficient fire history

data and were excluded form the BEST analyses.

The distribution of time since fire for each portion of each class within each
bioregion was calculated. Predictors included two climatic variables, six land use variables,
a population density variable, fire history variables, and distance to roads/fire trails (Table
2.4) and were calculated for each portion of each class within each bioregion (and
separately for the LMZ portion of each class). Predictors for temperature, precipitation,
and human population density were calculated using the zonal statistics tool in ArcMap
(ESRI 2013). The six land use predictors provided a measure of proximity to ignition
sources and were calculated as the percentage of each vegetation type within each land use

category (Table 2.4). The distance to roads/fire trails also provided a measure of proximity
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to ignition sources and was calculated from a grid point every 200 m and averaged. The
percentage of each vegetation type with two, three, or four previous fires recorded were
used as predictors of the relative importance of fire history in determining the distributions
of time since fire. | limited these variables to four fires, as there was not enough fire

history data to calculate more.

BEST analysis (PRIMER v7; Clarke et al. 2014) was used to examine the relative
importance of the 13 variables as predictors of the distribution of time since fire (Table
2.4). BEST analysis was used to find the best match between Bray-Curtis similarity
matrices of time since fire and Euclidian distance matrices of environmental variables

(Clarke and Ainsworth 1993).
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Figure 2.2 Interim Biogeographic Regionalisation for Australia (IBRA) regions of New

South Wales (see Table A2.2 for full name and further details)
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2.4 Assessing fauna habitat — pilot study

| used database (a) and the GIS layers of the vegetation formations of NSW (version 3.03,
Keith and Simpson 2010) to select sites with the appropriate fire history for Part 2 of my
study. Whilst Part 1 of my study was based on the fire history for the whole of NSW, Part
2 required vegetation formations with sufficient fire history to ensure adequate replication
of treatments. As Part 2 of my study was an examination of the relative influence of time-
since-fire, inter-fire interval, environmental and abiotic factors, and vegetation type on
fauna habitat at a fine scale, the field sites also required vegetation formations with classes
that spanned a large geographical area, but that also converged in a central location. These
requirements, as well as time factors, limited the number of formations | was able to
sample in.

A pilot study was undertaken to determine the level of sampling required to give
sufficient power to analyses to detect differences in habitat within different vegetation
types and with different fire histories, however, still be manageable in the timeframe of my

study.

2.4.1 Field work — pilot study

The Warrumbungle National Park in north-western New South Wales (Figure 2.3) was
selected for the pilot study as there are good fire history records for the park for at least the
past 30 years, and one of the dominant vegetation formations is the Dry Sclerophyll

Forests (Shrubby/Grassy) sub-formation, which spans the entirety of the park.

From January to November in 2017 sampling was undertaken in the Warrumbungle
National Park. Four sites with a similar time since fire but different intervals to the

previous fire were selected within vegetation mapped as North-west Slopes Dry
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Sclerophyll Woodlands, a vegetation class within the Dry Sclerophyll Forests
(Grassy/Shrubby) sub-formation (Keith 2004; Figure 2.3; Table 2.5). The most recent fire
for three of the sites was in 2013, and the intervals between the most recent fire and the fire
before were 16, 23 and 39 years. The fourth site did not burn in the 2013 fire and had no
fire recorded in database (a). It is likely that the fourth site had not burnt for >30 years as

there are good records for the park from 1990 onwards (Table 2.5).

2.4.2 Site layout and sampling protocol — pilot study

At each site, any evidence of human disturbance (including felled or ringbarked trees, cut
stumps, or tracks) within 100 m2 were recorded. The diameter at breast height (DBH) and
height of the most fire sensitive tree species in the site was recorded, as an estimate of time
since the last fire. Within each site, two parallel 200 m x 10 m transects were laid out, both
at least >50 m from the nearest road or trail. The two transects were positioned at a
distance of 30 m apart. Along each transect ten 10 x 10 m quadrats were measured out and
numbered from one to ten (Figure 2.4). Within quadrats 1, 4, 7and 10,a2.5m x 25 m
sub-plot was placed in each corner (Figure 2.5). Photos were taken from each corner of the
ten quadrats looking toward the centre of the quadrat. Data for habitat attributes in trees
and logs were collected from quadrats 1 — 10, and data for habitat attributes relating to
ground cover, strata heights, vegetation density and coarse woody debris were collected

from quadrats 1, 4, 7, and 10.
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Table 2.4. Variables used as predictors of distributions of time since fire

Predictor variable category, variables within each category and source of data used.

Predictor Predictor variable Source
category
Climate Mean annual precipitation Harwood 2019
Mean annual temperature Harwood 2019
Location % of vegetation types within six eastern IBRA*  Dept. of Agriculture,
bioregions in NSW Water and the
Environment 2020
Population Mean number of people per square kilometre Australian Bureau of
Statistics 2018
Land use % of vegetation type within: Dept. of Planning,
grazing native vegetation; Industry and
non-wooded agriculture; Environment 2018
parks/reserves and conservation areas;
riparian and water bodies;
urban/human habitation;
wooded agriculture
Fire history % of vegetation type with: NSW RFS and NSW
two; NPWS fire history
three; or datasets
four or more recorded fires
Distance to Mean distance (km) per 200 m to the nearest NSW Government
nearest road/fire trail per square kilometre Spatial Services 2021

road/fire trail

*IBRA: Interim Biogeographic Regionalisation for Australia
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Table 2.5. Fire history for pilot study sites in the Warrumbungle National Park

For each site in the pilot study, site name, year of most recent fire, previous fire history,

and date the site was sampled

Site Firel Fire2 Fire3 Date sampled

WNPO1 2013 1997 1967 10-12/01/2017

WNPO02 2013 1990 1970 26-27/09/2017

WNPO3 2013 1974 28/09/2017, 07/11/2017
WNPO04 No fires recorded 8-9/11/2017
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WNPO3

0 25 5 10 Kilometres
I T T T | o

Figure 2.3 Location of the Warrumbungle National Park (red) and extent of the North-
west Slopes Dry Sclerophyll Woodlands vegetation class within New South Wales (green).
Inset: location of the four pilot study sites and extent of the North-west Slopes Dry

Sclerophyll Woodlands vegetation class (green) within the Warrumbungle National Park
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Figure 2.4 Layout of each transect within each site of the pilot study, showing quadrats

one to ten. Extensive sampling was undertaken in quadrats 1, 4, 7, and 10 (grey).
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Figure 2.5 Layout of 10 m x10 m quadrats 1, 4, 7, and 10 showing location of the four
sub-plots (A — D), location of ground cover measurements (GC), distance and location to
the centre of the quadrat for coverboard measurements (CB), and location of leaf litter
depth (D) and litter mass (M) measurements. The total area of rocks was measured in the

sub-plots A — D.

Williamson 2021 50



Chapter Two

2.4.3 Habitat attributes

2.4.3.1 Solar radiation transmittance and canopy structure

Hemispherical photographs were taken at the centre of quadrats 1, 4, 7, and 10 (Figure 2.5)
using a Canon (DS 126061) camera fitted with a Sigma 4.5 mm fisheye lens. The camera
was aimed vertically at a distance of ~1.3 m above the ground with the top of the image

aligned to magnetic north.

A tree was defined as a plant with a stem diameter at breast height (DBH at 1.3 m
above ground) of >15 cm and a height of > 2 m. For each tree, the species (at a minimum
genus), number of stems and condition of each stem (live or dead) were recorded. The
DBH over bark, height, and height above ground of the lowest live foliage was measured.
For trees with multiple stems, a DBH was recorded for all stems if the combined cross-
sectional area of all stems was greater than 177 cm? (the cross-sectional area of a stem 15
cm diameter). The presence and height of any scorching on each stem was also recorded.
For stems that had lost their bark and the presence of scorching was unable to be
determined, the scorch height was recorded as unknown.

For each stem | recorded the condition (live or dead) of any epicormic growth and
basal resprouts and height above ground of the lowest epicormic growth. The number,
condition, and height of the tallest basal resprout were measured. The presence of any
decorticating bark (stringy ribbons of bark, or thick bark with visible fissures) and
mistletoe was noted.

For each stem | used binoculars to count, from the ground, the number of hollows.
A hollow was defined as a cavity with an entrance diameter of >2 cm and where the depth

of the cavity was greater than the smallest entrance diameter. For each hollow the
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orientation of the entrance and the hollow type were recorded (Figure 2.6). Where the

hollow could be reached, the length of each dimension was measured, otherwise estimated.

«———— BB - Branch (base)

(\"‘ .
’ )L — C - Chimney

F - Fork

TU - Trunk (upper)

S-Spout —— >

X } L — TB- Trunk (base)

- s

TM - Trunk (mid)

Figure 2.6 Hollow type, name, abbreviation, and location in tree (Figure: Rayner 2008)

2.4.3.2 Understorey vegetation structure

Visual estimates of the vegetation density were measured using a 20 cm x 50cm chequered
cover board, with 10 alternating 10 cm x 10 cm black and white squares (Figure 2.7) at
four heights (0 — 20 cm, 20 — 50 cm, 50 — 100 cm and 100 — 150 cm) above the ground.
Estimates of the percent of the board covered by vegetation was recorded at the mid-point
of all four sides of quadrats 1, 4, 7, and 10 (Figure 2.5). The cover board was in the centre
of the quadrat, facing the observer in all directions and measurements were taken at an

observer-to-coverboard distance of 2 m and 5 m in each direction.

Williamson 2021 52



Chapter Two

Within each sub-plot in quadrats 1, 4, 7, and 10 (Figure 2.5) heights of the vertical
mid-canopy vegetation were measured. The lowest and highest live foliage of the tallest
plant with a DBH <15 cm in three strata groups (near surface: live foliage 0 cm — 49 cm;
elevated: live foliage 50 cm — 99 cm; intermediate: live foliage 1 m — 2 m) were taken. The
lowest measurement for grass species was the ground, for non-grass species the lowest
measurement was the lowest foliage from a stem (Figure 2.8). Evidence of any

scorching/fire scars on each plant measured was noted.

Figure 2.7 Cover board comprised of 10 alternating 10 cm x 10 cm black and white

squares used to estimate horizontal vegetation density

Intermediate (100 — 200 cm)

Elevated (50 — 99 cm)

A

Near Surface (0 — 49 cm) f

Figure 2.8 Near surface, elevated and intermediate layers used to measure height of the
mid-canopy vegetation (figure not to scale). Measurements for each layer were taken from

the lowest live foliage on a stem (from the ground if grass)
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2.4.3.3 Logs and coarse woody debris

Logs were defined as a fallen branch or tree trunk with a diameter >10 cm. The total
length, and length of any scorching on all logs with >50% of its length within each quadrat
was measured. Branches (diameter >10 cm) from the main leader were recorded as
separate logs. The diameter was recorded at each end and in the middle of each log. The
height above ground was measured from the lowest point (0O cm if the log was touching the
ground) to the highest point to give an indication of the vertical arrangement of the habitat
within the quadrat. The length of any part of the log that was above the ground (from the
point the log left the ground) was recorded. If multiple sections of the log were above the
ground, then separate measurements were taken for each section. Logs that were split or
disintegrated were measured if the average of the vertical and horizontal diameter was >10

cm.

A hollow was defined as any cavity in the log where the length was greater than the
internal diameter. Measurements of the length and diameter of any hollows were recorded

for each log.

A stump was defined as any trunk with a diameter >10 cm and a height >30 cm and
<1.3 m. The diameter at 30 cm, height and scorch height of any stumps were recorded. If
the stump was hollow (i.e., the internal hollow length was greater than its diameter), the

length and diameter of the hollow was recorded.

Coarse woody debris (CWD) was defined as any sticks, branches, or logs with a
diameter >2 cm and < 10 cm. The length of each piece of CWD in each sub-plot in
quadrats 1, 4, 7, and 10 was measured (Figure 2.5). If any CWD extended beyond the sub-
plot only the section that was inside was measured. The diameter (cm) was measured at

each end and in the centre of the CWD and averaged. The height above ground (cm) was
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also measured at the lowest (0 cm if it was touching the ground) and highest points. The
arrangement was grouped into two categories, clumped (if the CWD was touching 3 or

more other pieces of CWD) or dispersed (if the CWD was touching 2 or less pieces).

2.4.3.4 Ground cover attributes

Leaf litter depth was measured at the centre of quadrats 1, 4, 7, and 10 (Figure 2.5) by
placing a ruler orthogonal to the ground and measuring the highest point of any leaf litter

surrounding the ruler.

Leaf litter was collected from the centre of quadrats 1, 4, 7, and 10 (Figure 2.5). All
leaf litter from an area of 50 cm x 10 cm was collected down to soil level, placed in a bag,
and weighed using a spring balance to the nearest 1 gram. The leaf litter was dried in an
oven at 80° C to constant weight (i.e., until there was a change of <0.15¢g for two
consecutive days) for at least five days, with the weight recorded at approximately the
same time each day. As the weight of each bag only decreased by <0.15 g after 72 hours, it

was determined that future leaf litter samples would be dried for 72 hours.

The relative cover at ground level of eight ground cover features (living plants, leaf
litter (including sticks <2 cm diameter), bare ground, fine woody debris (sticks >2 cm and
<5 cm diameter), CWD, logs, rocks and soil crusts) was measured in the corner of each
sub-plot (A, B, C, and D, Figure 2.5) in quadrats 1, 4, 7, and 10. Data were collected using
a 0.5 m x 0.5 m quadrat with string in each direction, creating twenty-five 5cm x 5 cm
squares (Figure 2.9). A tally of the occurrence of the eight ground cover features was taken
for the 16 points the strings intersected. If more than one ground cover feature occurred at

a point the topmost feature was recorded.
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Figure 2.9 Ground cover quadrat measuring 0.5 m x 0.5 m with string in each direction. e

indicates sample point where the strings intersected

2.4.3.5 Rocks

Rocks were defined as any medium or large rocks where the shortest length was >5 cm.
The total area (m?) of all rocks within each sub-plot in quadrats 1, 4, 7, and 10 was

measured (Figure 2.5).

2.4.4 Data analysis — pilot study

Analysis of the pilot data was undertaken to determine if sufficient sampling power could
be gained from a less intensive sampling regime. Ten alternative configurations of the
sampling protocol were chosen, with the number of quadrats sampled ranging from four to
ten, and the number of sub-plots sampled ranging from 8 to 16, with differing

arrangements of transects, quadrats, and sub-plots sampled (Table 2.6).

For each attribute sampled in the pilot study, the mean, standard deviation and 95%
confidence intervals per sample unit was calculated and used to compare the ten alternative
protocols to the raw data (Figures A1.1 — A1.12). The sampling protocol that was most
consistently similar to and within the 95% confidence interval of the raw data was Option

four (Figure 2.6). In Option four, trees, logs, canopy structure and solar radiance
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transmission were measured in quadrats 1, 4, 7 and 10 in both transects and the remaining
habitat attributes in sub-plots A and B in quadrats 1, 4, 7 and 10 for both transects (Figure
2.10, 2.11, A1.1 - A1.12). Option four was then used as the sampling protocol for data

collection for the remaining field work.

< 100 m >

1 4 7 10

<«—10m —»

<+—10m —»

30m

Figure 2.10 Layout of each transect within each site of the study. The final sampling

protocol consisted of sampling in quadrats 1, 4, 7, and 10 (grey).
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Table 2.6. Alternative sampling protocols

For the ten alternative sampling protocols tested, the number of transects, quadrats and sub-

plots sampled, and the configuration of quadrats and sub-plots

Option  Transects No. No. sub- Quadrats sampled Sub-plots
sampled quadrats plots sampled
sampled sampled
Full sampling Protocol
T1, T2 20 32 All All
Alternative sampling protocols
1 T1 10 16 T1all T1all
2 T2 10 16 T2 all T2 all
3 T1, T2 8 8 1,4,7,10 A
4 T1, T2 8 16 1,4,7,10 A, B
5 T1 4 1,4,7,10 A, B
6 T2 4 1,4,7,10 A B
7 T1, T2 4 16 1.1,1.7,2.4,2.10 A, B,C D
8 T1, T2 4 16 1.4,1.10,21,2.7 A, B,C D
9 T1, T2 4 16 1.1,14,2.7,2.10 A, B,C D
10 T1, T2 4 16 1.7,1.10,21,2.4 A, B,C D
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Figure 2.11 Layout of final sampling protocol of 10 m x10 m quadrats 1, 4, 7, and 10
showing location of the two sub-plots (A and B), location of ground cover measurements
(GC), distance and location to the centre of the quadrat for coverboard measurements
(CB), and location of leaf litter depth (D) and litter mass (M) measurements. The area of

rocks was measured in the sub-plots A and B

2.5 Field work

Field work was conducted within the Dry Sclerophyll Forests (Shrubby sub-formation)
(DSFS; Keith 2004) vegetation in New South Wales (NSW). This sub-formation was
chosen as there was sufficient fire history to ensure adequate replication of treatments and
also it contained classes that spanned a large geographical area, but that also converged in

a central location (Figure 2.12). DSFS covers 4.87 million hectares (ha) of eastern NSW
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and extends ~850 km from north to south and ~450 km east to west, commencing on the
western side of the Great Dividing Range and extending east to the coast. DSFS is
classified by structural and physiognomic features (Keith 2004) and is characterised by a
canopy of low scleromorphic trees, typically eucalypts, a scleromorphic shrub layer, and a
sparse ground layer (Keith 2011). DSFS occurs on low nutrient soils where mean annual
rainfall ranges from 600 — 1000 mm but increases to 1000 — 1500 mm along the coastal
edge (Bureau of Meteorology 2020a).

DSFS is further classified in to 14 vegetation classes, defined by floristic
similarities, and which share a common structural form (Keith 2004; Table 2.7). Sites were
selected within three classes (Western Slopes Dry Sclerophyll Forests (DFS), Sydney
Hinterlands DSF and Southern Tablelands DSF) that together, spanned the length of NSW
(Figure 2.12; Table 2.7). The three classes converge at the north-western edge of the

Sydney basin (Figure 2.12).
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e

Figure 2.12 Location and extent of the Western Slopes Dry Sclerophyll Forests (DSF;
black), Sydney Hinterland DSF (dark grey), and Southern Tablelands DSF (light grey)
vegetation classes within the Dry Sclerophyll Forests (Shrubby sub-formation) in New

South Wales
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Table 2.7. Vegetation classes

Vegetation, location and habitat descriptors for the Western Slopes, Sydney Hinterlands and

Southern Tablelands Dry Sclerophyll Forests vegetation classes (Keith 2004)

Vegetation =~ Western Slopes Dry ~ Sydney Hinterland Southern Tablelands
Class Sclerophyll Forests Dry Sclerophyll Dry Sclerophyll
Forests Forests
Vegetation ~ Open eucalypt forest or Open eucalypt forest or  Open dry eucalypt
description  woodland woodland forest or woodland
Dominant Eucalyptus dealbata Angophora bakeri Eucalyptus cinerea
canopy E. sideroxylon Corymbia eximia E. dalrympleana
species Callitris endlicheri C. gummifera E. dives
C. glaucophylla Eucalyptus beyeriana E. macrorhyncha
E. punctata E. rossii
E. sclerophylla
E. sparsifolia
Canopy 10-25 m 10-25 m (stunted on 15-20 m
height ridges and dry slopes)
Understorey Dominated by Prominent sclerophyll Open to sparse,
layer sclerophyllous shrubs  shrubs comprised of
sclerophyll shrubs
Ground Dominated by forbs, Open groundcover of Open groundcover of
layer few grass species sclerophyll sedges, scramblers, forbs and
including ferns and tussock grasses
speargrass
Found Western edge of Great  Largely restricted to the  Straddles the Great
Dividing Range on Sydney Basin, on Dividing Range in
slopes and low ridges  slopes, gullies and southern NSW on
on granite outcrops and  sandstone ridges exposed slopes and
sandstone peneplains ridges
Elevation <600 m ASL <600 m ASL 600 — 1100 m ASL
Soils Low-fertility sandy Infertile soils Infertile soils
loams
Mean <500 mm 650 — 950 mm 600 — 1500 mm
annual
rainfall

*ASL: Above sea level
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2.5.1 Site selection

Fire history data was used to select fifty-four sites, six replicates in each vegetation class
(Table 2.8; Figure 2.13). Sites were selected to span most of the extent of each class
(Figure 2.13). All sites were within Land Management Zones (LMZ) in National Parks,
Nature Reserves, State Conservation Areas or Regional Parks (Figure 2.13). Sites were
selected to have the most recent fire between three and nine years since 2018 (most burned
in 2013; Table 2.8). Fifty-one of the sites had more than one fire recorded in the fire
database and three sites only had one fire recorded (Table 2.8). Sites were grouped based
on inter-fire intervals (the time between the most recent fire and the fire before): between 0
and 6 years (less than the minimum recommended fire interval for Dry Sclerophyll Forests
(Shrubby sub-formation); Kenny et al. 2003; Figure 2.14); between 7 and 29 years (within
the recommended fire intervals; Figure 2.15); and >30 years (longer than the maximum
recommended fire interval; Figure 2.16). Sites were selected to cover the greatest range of
inter-fire intervals within the guidelines as possible. Within each fire interval and
vegetation class combination, there were six replicates (Figures 2.14 — 2.16). The
minimum distance between sites within a fire interval category for the same vegetation
class was 10 km, with the majority separated by >60 km, and up to 450 km (Figures 2.14 —
2.16). The minimum distance between sites within a fire interval but in different vegetation

classes was 400 m (Figures 2.14 — 2.16).
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Table 2.8. List of study sites

For each site: vegetation class, name of National Parks and Wildlife Service (NPWS) Estate, years between sampling and the most recent fire

(TSF), recommended interval range in years (Range), year of most recent fire (Fire 1), year of previous recorded fire (Fire 2), number of years

between Fire 1 and Fire 2 (Interval), and the date sampling occurred (Date). For Fire 1, W = wildfire and all other fires were prescribed

Site Vegetation Class NPWS Estate TSF  Range Fire 1 Fire2 Interval Date

JW001 Western Slopes Durridgere State Conservation Area 6 0-6 2013 2010 3 11/09/2019
JW002 Western Slopes Goulburn River National Park 6 0-6 2013 2011 2 02/07/2019
JWO003 Western Slopes Goobang National Park 6 0-6 2013 2008 5 06/08/2019
JW004 Western Slopes Goonoo State Conservation Area 6 0-6 2013 2011 2 08/08/2019
JW005 Western Slopes Timallallie National Park 6 0-6 2013 (W) 2007 6 16/08/2019
JW006 Western Slopes Pilliga East State Conservation Area 9 0-6 2010 2009 1 19/08/2019
JW007 Western Slopes Wollemi National Park 6 7-29 2013 1985 28 22/07/2019
JW008 Western Slopes Timallallie National Park 6 7-29 2013 (W) 2009 9 18/08/2019
JW009 Western Slopes Binnaway Nature Reserve 6 7-29 2013 2002 11 14/08/2019
JW010 Western Slopes Pilliga East State Conservation Area 6 7-29 2013 1997 16 20/08/2019
JW011 Western Slopes Goobang National Park 9 7-29 2010 1983 28 07/08/2019
JW012 Western Slopes Nangar National Park 8 7-29 2011 1998 12 16/09/2019
JW013 Western Slopes Wollemi National Park 6 30+ 2013 1982 31 13/09/2019
JW014 Western Slopes Goobang National Park 8 30+ 2011 1979 32 08/08/2019
JW015 Western Slopes Warrumbungle National Park 6 30+ 2013 (W) 1935 78 15/08/2019
JW016 Western Slopes Pilliga East State Conservation Area 6 30+ 2013 1951 62 21/08/2019
JWO017 Western Slopes Bullala National Park 7 30+ 2012 22/08/2019
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Site Vegetation Class NPWS Estate TSF  Range Fire 1 Fire2 Interval Date

JWO018 Western Slopes Weetalibah Nature Reserve 5 30+ 2015 1965 50 13/08/2019
JWO019 Sydney Hinterland  Ku-ring-gai Chase National Park 11 0-6 2009 2003 6 07/01/2020
JW020 Sydney Hinterland ~ Goulburn River National Park 6 0-6 2013 2011 2 01/07/2019
JWO021 Sydney Hinterland  Berowra Valley National Park 8 0-6 2012 2011 1 09/01/2020
JW022 Sydney Hinterland  Blue Mountains National Park 7 0-6 2013 (W) 2010 3 21/02/2020
JW023 Sydney Hinterland ~ Wollemi National Park 6 0-6 2013 2011 2 09/07/2019
JW024 Sydney Hinterland  Yengo National Park 9 0-6 2010 2009 1 09/09/2019
JW025 Sydney Hinterland  Dharawal State Conservation Area 6 7-29 2014 2001 13 20/02/2020
JWO026 Sydney Hinterland  Yellowmundee Regional Park 6 7-29 2013 (W) 2011 12 10/07/2019
JWO027 Sydney Hinterland  Yengo National Park 8 7-29 2011 (W) 2002 9 10/09/2019
JW028 Sydney Hinterland ~ Upper Nepean State Conservation Area 6 7-29 2013 1984 29 12/12/2019
JW029 Sydney Hinterland  Ku-ring-gai Chase National Park 5 7-29 2015 1990 25 08/01/2020
JW030 Sydney Hinterland ~ Morton National Park 6 7-29 2013 2000 13 15/10/2019
JW031 Sydney Hinterland ~ Wollemi National Park 7 30+ 2012 1980 32 12/11/2019
JW032 Sydney Hinterland  Bargo River State Conservation Area 6 30+ 2013 1968 45 28/11/2019
JW033 Sydney Hinterland  Ku-ring-gai Chase National Park 10 30+ 2010 1979 31 06/01/2020
JW034 Sydney Hinterland  Blue Mountains National Park 9 30+ 2011 11/07/2019
JW035 Sydney Hinterland  Cattai National Park 7 30+ 2014 17/02/2021
JW036 Sydney Hinterland ~ Morton National Park 6 30+ 2013 1982 31 16/10/2019
JWO037 Southern Tablelands Winburndale Nature Reserve 6 0-6 2013 2008 5 17/07/2019
JWO038 Southern Tablelands Cuumbeun Nature Reserve 6 0-6 2015 2013 21/01/2021
JWO039 Southern Tablelands Kosciuszko National Park 8 0-6 2013 2009 4 19/01/2021
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Site Vegetation Class NPWS Estate TSF  Range Fire 1 Fire2 Interval Date

JWO040 Southern Tablelands Abercrombie River National Park 7 0-6 2012 2010 2 12/10/2019
JWO041 Southern Tablelands Kosciuszko National Park 11 0-6 2010 2007 3 26/01/2021
JWO042 Southern Tablelands Wollemi National Park 10 0-6 2009 2006 3 21/07/2019
JWO043 Southern Tablelands Winburndale Nature Reserve 7-29 2014 (W) 2002 12 19/07/2019
JWO044 Southern Tablelands Dangelong Nature Reserve 8 7-29 2013 (W) 1987 26 22/01/2021
JWO045 Southern Tablelands Nangar National Park 11 7-29 2010 1986 24 15/02/2021
JWO046 Southern Tablelands Brindabella National Park 8 7-29 2013 2002 11 20/01/2021
JWO047 Southern Tablelands Abercrombie River National Park 6 7-29 2013 (W) 1998 15 11/10/2019
JWO048 Southern Tablelands Coolumbooka Nature Reserve 8 7-29 2013 1989 24 25/01/2021
JW049 Southern Tablelands Woomargama National Park 6 30+ 2015 1984 31 18/01/2021
JWO050 Southern Tablelands Wollemi National Park 9 30+ 2010 1979 31 20/07/2019
JWO051 Southern Tablelands Winburndale Nature Reserve 6 30+ 2013 1971 42 18/07/2019
JW052 Southern Tablelands Weddin Mountains National Park 6 30+ 2013 1974 39 09/10/2019
JWO053 Southern Tablelands Morton National Park 6 30+ 2013 1964 49 14/10/2019
JWO054 Southern Tablelands Merriangaah Nature Reserve 6 30+ 2013 1939 74 23/01/2021
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Figure 2.13 Location of field work sites in the Western Slopes Dry Sclerophyll Forests
(DSF; square), Sydney Hinterland DSF (circle), and Southern Tablelands DSF (cross)

vegetation classes in New South Wales

0 110 220 440 Kilometres

Figure 2.14 Locations of sites with inter-fire intervals between 0 and 6 years in the
Western Slopes DSF (square), Sydney Hinterland DSF (circle), Southern Tablelands DSF

(cross) vegetation classes
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Figure 2.15 Locations of sites with inter-fire intervals between 7 and 29 years in the
Western Slopes DSF (square), Sydney Hinterland DSF (circle), Southern Tablelands DSF

(cross) vegetation classes

0 110 220 440 Kilometres

Figure 2.16 Locations of sites with inter-fire intervals >30 years in the Western Slopes
DSF (square), Sydney Hinterland DSF (circle), Southern Tablelands DSF (cross)

vegetation classes
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2.5.2 Data Collection

Sampling was undertaken between July 2019 and January 2021, using the reduced
sampling regime described in section 2.8.4 (see Table 2.8 for dates). From the habitat

attributes collected, a list of habitat variables was derived for analysis (Table 2.9).

2.5.3 Environmental attributes

Environmental, climatic and fire history predictors were calculated for each site (Table
2.10). Climatic variables were obtained from the nearest Bureau of Meteorology weather
stations to each site. Slope, aspect, and soil types were calculated in ArcMap (ESRI 2013).
Aspect was sine and cosine transformed to obtain a continuous gradient (northness and
eastness). Time since the most recent fire, number of known fires, fire type (wild or
prescribed) and the number of years between the most recent fire and the fire before that
were determined based on information in the digital fire database.

Canopy structure and solar radiation transmittance were calculated from
hemispherical images using Gap Light Analyzer software (version 2.0; Frazer et al. 1999).

For consistency, all images were processed with a pixel intensity threshold of 128.

2.5.4 Grouping habitat variables into habitat types

Given the large number of habitat measurements made (Table 2.9), and the likelihood of
correlations among variables, | grouped variables to be analysed to produce a smaller
number of derived variables (hereafter termed ‘habitat types’). Individual habitat variables
were grouped based on type of variable and published responses of fauna to habitat at

different scales (Table 5.2).
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Table 2.9. Habitat variables used in analyses

Descriptions of the habitat variables derived from each attribute collected in the field

Variable

Description

Solar radiation transmittance and canopy structure

Hemispherical
photographs

Tree stems

Tree hollows

Percent cover of sky not obscured by canopy

Total number of trees

Total number of stems

Total number of live/dead stems

Diversity of tree species (Shannon-Weiner Index)

Diameter at breast height (1.3 m; DBH) of largest live/dead

tree

Mean DBH

Coefficient of variation in DBH

Number of DBH in five size groups”

Total basal area (cm?)

Mean basal area (cm?)

Basal area of largest live/dead tree

Total basal area of dead trees (cm?)

Mean tree height (m)

Height of the shortest tree (m)

Height of the tallest tree (m)

Vertical height range of canopy (m)

Mean scorch height

Total number of scorched stems

Total length of scorch (m)

Total number of stems with epicormic growth

Height above ground of lowest epicormic growth (m)
Total number of basal stems (live/dead)

Height of tallest basal growth

Total stems with decorticating bark

Coefficient of variation of bark type

Total stems with mistletoe®

Mean height of lowest live canopy foliage (m)

Total number of stems <15 cm DBH (including basal)
Mean number of stems <15 cm DBH (including basal)

Total number of stems with hollows

Total number of hollows

Orientation of hollow entrance

Total of each hollow type

Total number of hollows in five size groups®
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Variable

Description

Understorey vegetation structure

Horizontal
vegetation density

Mid-canopy strata
height

Percent of board obscured by vegetation at four heights (0 — 20
cm, 21 — 50 cm, 51 — 100 cm and 101 — 150 cm) above ground
Measured at a coverboard-to-observer distance of 2 m and 5 m
in four directions

Mean % at each height and distance

Lowest and highest foliage of tallest plant (stem diameter <15
cm) in three strata groups:

Near surface: live foliage 0 cm — 49 cm

Elevated: live foliage 50 cm — 99 cm

Intermediate: live foliage 1 m—2m

Mean height of lowest foliage near
surface/elevated/intermediate

Mean height of highest foliage near
surface/elevated/intermediate

Total range of near surface/elevated/intermediate vegetation
Total range of mid-canopy height

Height difference between mid-canopy and canopy

Logs and coarse woody debris

Logs (>10 cm
diameter)

Log hollows

Coarse Woody
Debris (CWD)

Total number of logs >10 cm diameter
Total length (m) of logs

Mean length (m) of logs

Total length (m) of scorching

Mean proportion of unscorched logs
Total volume (cm?) of logs

Mean volume (cm?) of logs

Maximum heigh above ground (cm), measured from ground to
highest point

Total length of logs above ground (m)
Total number of stumps

Total diameter at 30 cm of stumps
Mean height of stumps

Total number of logs with hollows
Total number of log hollows
Total number of hollows in five size groups®

Total number of CWD

Total length (cm) CWD

Total volume of CWD (cm?®)

Mean volume of CWD (cm?®)

Total length (cm) of scorching

Mean proportion of unscorched CWD
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Variable

Description

Ground cover attributes

Leaf litter

Ground Cover

Rocks

Heigh above ground, measured from ground to highest point
Total number of Clumped (touching >3 CWD)/Dispersed
(touching <2 CWD)

Depth of leaf litter (cm)
Weight of wet leaf litter
Weight of dried leaf litter
Moisture loss of leaf litter

Relative cover of:

living plants

leaf litter (inc. sticks <2 cm diameter)

bare ground

fine woody debris (sticks > and <5 cm diameter)
CwWD

logs

rocks

soil crusts

Mean % of each ground cover

Total area (m?) of rocks with shortest length of >5 cm
Mean area (m?) of rocks with shortest length of >5 cm

A Diameter at Breast Height (DBH) size groups: 15 — 24 cm, 25 — 34 cm, 35 — 44cm, 45 —

54 cm, >55 cm

B Mistletoe was only recorded on eight trees and was excluded from analyses

 Hollow size groups: 1 —5cm, 6 — 15 ¢cm, 16 — 30 cm, 31 — 60 cm, >60 cm

Williamson 2021

72



Chapter Two

Table 2.10. Variables used as predictors in analyses of variation in habitat among
sites

Predictor variable category, variables within each category, and source of data used

Predictor Predictor variable Source
category
Topography Slope Modified DEM-S GIS layer
(Dept Planning, Industry and
Aspect Environment 2019)
Soils Great Soil Group Soil Group (GSG) Soil Type

Map of NSW (v 4.5, Dept
Planning, Industry and
Environment, 2021)

Hydrologic Soil Groups (high, Hydrologic Groups of Soils in
moderate, slow, and very slow NSW Map (v 3.0, Dept
infiltration and water transmission Planning, Industry and
rates) Environment, 2017)
Climate Mean annual rainfall Australian Bureau of
Meteorology 2021

Total rainfall recorded in the 24
months post fire

Total rainfall recorded 2013 - 2020

Total spring rainfall (Sept. to Nov.)
2013 - 2020

Total summer rainfall (Dec. to Feb.)
2013 - 2020

Mean annual temperature

Mean annual maximum temperature
(MAMT)

MAMT spring (Sept. to Nov.)
MAMT summer (Dec. to Feb.)

Fire history  Fire type (wild/prescribed) NSW fire history database
Time since most recent fire (TSF)

Inter-fire interval
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2.6 Statistical Analysis

2.6.1 Underlying differences among vegetation types and inter-fire interval
groups

Given the differences in location, canopy dominants and understorey floristics among
vegetation types, there may be inherent differences among the sites that could affect
analyses of habitat structure. It was not possible to exactly match the fire history of sites
selected in each of the vegetation types and for each of the interval groups. Therefore, prior
to further analyses | examined underlying differences in fire history (fire type (wild or
prescribed), TSF, and inter-fire interval) among vegetation types and interval groups. | also
compared environmental attributes (slope, aspect, mean annual rainfall (MAR), total
rainfall in the 24 months post fire (total rain), and mean annual temperature (MAT))
among vegetation types and interval groups. These results guided the selection of predictor

variables in subsequent analyses.

2.6.2 Derived habitat types

I used Principal Component Analysis (PCA) in SPSS version 25 (SPSS: IMB Corp. 2017)
to derive a smaller number of biologically meaningful habitat types from the habitat
variables at a site scale and at quadrat scale (Table 5.2). Data were logio transformed prior

to analyses when required.

The assumptions for PCA were considered to be met if at least one correlation
coefficient was >0.3, the overall Kaiser-Meyer-Olkin measure was >0.7, and Bartlett’s test
of sphericity was statistically significant (P <0.05). Principal components with eigenvalues

>1 were considered for retention.
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2.6.3 Predictors of differences in habitat

To test for variability in the response of vegetation to fire regimes at different scales and in
different vegetation types I analysed data at the site scale and at the finer scale of quadrat. |
used Generalised Linear Modelling (GLMs) using the ‘glm’ function in R (R Core Team
2021) to examine the extent to which habitat at a site level was predicted by vegetation
type, fire history, and environmental factors. Predictors were selected from among the
variables vegetation type, interval group and the environmental and fire attributes listed in
Table 2.10 and interactions among these. Response variables were the principal
components and eight individual habitat variables that were not well-incorporated into the
principal components. As fire management is prescribed at the formation rather than the
class level, models were also fitted excluding vegetation type to investigate the influence
of the level that vegetation is considered.

Generalised Linear Mixed Models (GLMMs) in R (R Core Team 2021), using the
‘Imer’ function from the ‘lme4’ package (Bates et al. 2015), were used to assess the extent
to which quadrat-level habitat principal components were predicted by vegetation type, fire
history and environment. The ‘lmerTest’ package (Kuznetsova et al. 2017) was used to
derive the degrees of freedom and p-values for mixed models using transect and site as
random effects. Predictors were selected from among the variables vegetation type,
interval group, and the environmental and fire variables listed in Table 2.10. The Poisson
family was used for models of habitat variables that were count data, and binomial for
variables that were presence/absence. The conditional and marginal R? values were
calculated using the ‘r.squaredGLMM’ function from the ‘MuMIn’ package (Barton 2020).

For both GLM and GLMM, model selection was based on Akaike Information
Criterion (AIC) values. The preferred model was the one with significant predictor

variable(s) and the lowest AIC value. Any models with significant predictor variables and
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with an AIC value not more than two points higher than the preferred model were also

reported.

2.6.4 Proximal similarity among sites

| used spatial autocorrelation to test if habitat variables and principal components at sites
had a geographically driven pattern irrespective of vegetation types and fire history. Spatial
autocorrelation uses a matrix of geographical distances between sites to determine a
correlation among values of an attribute weighted by their locational proximities (Diniz-
Filho et al. 2003). A positive correlation represents similarity in values for geographically
nearby sites, and a negative correlation for contrasting values (Legendre 1993).

Spatial autocorrelation was analysed using the Moran’s I Autocorrelation Index

(‘Moran.I” in the ‘ape’ package (Paradis and Schliep 2019) in R (R Core Team 2021)).
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Chapter 3 An assessment of the adequacy of fire records
for informing fire management decisions to support

biodiversity conservation

3.1 Abstract

Digital fire records for south-eastern Australia for years 1902 to 2018 were used to
examine how data quality may affect interpretation of fire history for biodiversity
conservation. Thirty-two years and 76% of extant native vegetation in NSW (38% in areas
managed for biodiversity conservation) had no fire records, and significantly more in the
drier, less populated western parts of the state. Our results indicate this is an incomplete
representation of fire history. Repeated records accounted for >50% of the records in the
database, however only 8% were identified by an automated clean using software tools.
Without a manual-clean the number of fires and area burnt per year would be exaggerated
by >300% in some years. The number of repeated records and records with missing data
reduced dramatically from the early 2000s. After cleaning, change-point analyses indicate
two periods of change in the patterns of recorded area burnt, the mid-1930s and late-1960s,
although it remains unclear whether this is a change in fire regime or improved record
keeping. Ninety-one percent of records were missing attributes important for biodiversity
conservation (month of fire occurrence and intensity), severely limiting the usefulness of

the database for biodiversity management, planning, and research.
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3.2 Introduction

Understanding fire history is critical to understanding how fire regimes affect biodiversity,
making stored data key for management. Fire records are generally stored in written format
or spatially in Geographic Information Systems (GIS) and used by management agencies
for risk assessment and planning (Hardy et al. 2001). Spatial data allow evaluation of
patterns including frequency, severity, ignition type, and area burnt (Wittkuhn and
Hamilton 2010). Fire data are used to prepare for wild and prescribed fires, allocate
resources, forecast fire danger (McArthur 1966,1967), and model changes in fire behaviour
due to climate change (Bradstock et al. 2012). Using unverified data can lead to
misinterpretation of fire trends (Short 2015; Syphard and Keeley 2016).

Error is inherent in spatial data and problems with precision and scale are often
unknown and overlooked, resulting in management decisions based on data with unknown
levels of uncertainty (Openshaw 1989), recorded at different scales or resolutions, and
varying in reliability (Abdelmoty and Jones 1997). Effects of error on interpretation of
stored data have been discussed in detail in relation to medicine (Arts et al. 2002), climate
(Jeffrey et al. 2001) and population modelling (Tingley and Beissinger 2009), but less
often for ecological fire management (but see Avitabile et al. 2013; Short 2015; Syphard
and Keeley 2016).

Common sources of error in spatial datasets include incompleteness of records or
multiple records of the same data (Brassel et al. 1995), location inaccuracy (Goodchild
1995), and logical inconsistencies in relationships among attributes within data (Kainz
1995). Inconsistencies in the amount and type of error in datasets may arise due to
sampling bias, uneven collection effort (Yang et al. 2013), or data being combined from

different sources (Sheeren et al. 2009). In biological datasets the number of samples is

Williamson 2021 78



Chapter Three

often positively related to human population density and site accessibility (Reddy and
Davalos 2003; Guedes dos Santos et al. 2015).

Fire datasets are likely to have similar error and inconsistencies to other spatial
datasets. Error may link indirectly to geographic location, population density, or multiple
agencies managing for fire (Short 2015), with the attributes recorded potentially varying
with fire size and management agency (Filkov et al. 2018). However, error in fire datasets
might be difficult to detect due to natural variation in fire occurrence among vegetation
types, influenced by interactions between climatic conditions and fuels (Flannigan et al.
2005; Harris et al. 2008).

In the present study | assessed how the quality of digitally stored fire records may
affect interpretation of fire history. To do this I used a case study of digitally stored fire
records from south-eastern Australia. | aimed to: (1) quantify the number and area of fire
records attributable to multiple entries of the same fire and determine the extent of missing
information from existing records; and (2) tested for variation in these over time, among

vegetation types, and between areas managed for biodiversity conservation and other areas.

3.3 Methods

3.3.1 Study area

The study area was the State of New South Wales (NSW) in south-eastern Australia.
Geographically, the 80.1 million ha of NSW is divided into three regions: a thin, coastal
strip in the east with a length of 2 137 km; the Great Dividing Range, a complex of
mountain ranges, escarpments and plateaus running the length of NSW, ranging in width
from 50 to 160 km, and in elevation from 300 to 2 228 m; and the low, western plains,

covering almost two-thirds of NSW.
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The extant vegetation of eastern NSW is dominated by wet and dry eucalypt
forests, with a small area of alpine and sub-alpine vegetation in the south-east, and small
areas of rainforests scattered down the east coast, predominantly in the northeast. In the
lower, flatter, west, vegetation is sparser and comprised largely of grasslands, semi-arid
woodlands and arid shrublands (Keith 2004). In 2010 there were 47.7 million ha of land
(60% of NSW) mapped as extant native vegetation within 16 vegetation formations/sub-
formations (hereafter ‘vegetation formations’), with the remainder designated as cleared
(Keith and Simpson 2010). Eight eastern formations had >90% of their area east of the
western edge of the Great Dividing Range and six western formations had >90% of their
area west of the western edge of the Great Dividing Range (Table 3.1). Widespread
formations occurred in both eastern and western NSW (Table 3.1) and were excluded from
all east/west comparisons. Six formations were classified as wet based on mean annual
rainfall exceeding 900 mm or being dominated by plant species tolerant of periodic
inundation or waterlogging (Keith 2004). The ten formations not meeting this definition

were classified as dry (Table 3.1).

3.3.2 Data sources

Fire records in NSW are contributed by four main agencies responsible for fire
management in vegetated areas: (i) the NSW Rural Fire Service (RFS) responsible for
approximately 76.1 million ha (~95%) of NSWi; (ii) NSW Fire and Rescue Service, for
urban and regional centres; (iii) NSW National Parks and Wildlife Service (NPWS), within
NSW Planning, Industry and Environment (DPIE), responsible for 7 million ha; and (iv)

NSW Forestry Corporation (2.2 million ha).
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Table 3.1. Vegetation formations (Keith 2004) in New South Wales and National
Parks and Wildlife Service Estate

For each formation in New South Wales and National Parks and Wildlife Service (NPWS)
Estate: total area; percentage with no fire records; year of first recorded fire and number of
years with no fire records; percent of records that were replicates; and percent of records
missing month or intensity (attributes). Formations classified as wet, dry, east (E), west

(W), or widespread (X).

Vegetation Formation Areain Areain Year 1% fire % replicate % records
NSW (Mha) NPWS (no. years no records NSW  missing
(% no Estate fire NSW, (NPWS) attributes
records) (Mha) (% NPWS) NSW
no records) (NPWS)

Dry formations

DSF (Shrubby) ® 4.868 (14) 1.867 (14) 1902 (33,34) 54 (58) 91 (88)
DSF (Shrub/Grassy) ®  2.601 (30)  0.724(30) 1903 (41,43) 55 (59) 91 (88)
Grassy Woodlands © 1.897 (22) 0.328 (22)  1935(37,41) 53 (54) 89 (81)
Heathlands © 0.174 (10)  0.109 (10) 1937 (41, 43) 59 (61) 92 (91)
Alpine ©® 0.152 (25)  0.152 (25) 1938 (61, 63) 48 (49) 75 (75)
Semi-Arid Woodlands ~ 11.601 (40)  0.685 (40) 1951 (71,73) 25 (26) 84 (68)

(Shrubby) W

Avrid Shrublands 8.842 (82)  0.306(82) 1957 (99,103) 29 (44) 92 (69)
(Acacia) ™)
Avrid Shrublands 6.968 (95)  0.407 (95) 1973 (97,100) 9 (5) 51 (18)

(Chenopod) )
Semi-Arid Woodlands ~ 4.755 (96)  0.266 (96) 19514 (81,92) 24 (36) 91 (68)

(Grassy) W
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Vegetation Formation Areain Areain Year 1* fire % replicate % records
NSW (Mha) NPWS (no. years no records NSW  missing
(% no Estate fire NSW, (NPWS) attributes
records) (Mha) (% NPWS) NSW
no records) (NPWS)
Grasslands W) 1.337(76)  0.055(76) 1938 (59,63) 52 (61) 90 (86)

Wet formations

WSF (Grassy) ®© 1.771 (24) 0.576 (24) 1902 (34,35) 54 (58) 90 (88)
WSF (Shrubby) © 1.357 (30)  0.512(30) 1902 (34,37) 54 (59) 89 (87)
Rainforests ® 0.551 (65)  0.311(65) 1902°(35,39) 58 (61) 90 (89)
Freshwater Wetlands ™) 1.349 (58)  0.074 (58) 1938 (43,47) 60 (63) 92 (91)
Forested Wetlands 1.014 (59)  0.179(59) 19028 (33,35) 56 (62) 90 (88)
Saline Wetlands * 0.073(76)  0.017 (76) 1938 (45,48) 62 (65) 92 (93)

E90% area east of western edge of Great Dividing Range (GDR); " 90% area west of western
edge of GDR; *both east and west of GDR; * first fire in NPWS Estate in 1963; B first fire

in NPWS Estate in 1903; DSF: Dry Sclerophyll Forest; WSF: Wet Sclerophyll Forest
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For this study I used all fire records for NSW stored within four digital datasets,
three managed by the RFS and one by NPWS. At the time of the study two RFS datasets
contained wildfire records from 2001 to 2018 (hereafter RFS_F1) and 1902 to 2007
(RFS_F2). The third (RFS_HR1) contained hazard reduction records from October 2006 to
February 2016. The NPWS dataset (hereafter NPWS_F) contained records of wild and
prescribed fires from 1902 to 2016 within NPWS lands. The RFS maintain the central
datasets that are the primary source of fire data for wildfire management across NSW. Data
in all four datasets are stored in GIS layers as spatial records of reported incidents of wild
or prescribed fires, or mechanical hazard reduction (not used in the present study).

Each record used here should represent an individual wild or prescribed fire. Eight
of the eleven attributes in the RFS and NPWS_F datasets relevant to these analyses were
used (Table 2.3). The remaining attributes were only useful to the agency (e.g., objective
met). Not all fire records contained information for all attributes. For each fire record |
assigned a unique identifying number that linked it to the original dataset and record. If
records did not have a value for year of fire, | assigned a single calendar year based on start
or end date. If there was no date, | took the earlier of the two calendar years recorded for
season. Thus, for fires with no start or end date, | may have assigned the wrong year e.g.,

fire season 2002 - 2003, fire year assigned as 2002 but fire occurred in 2003.

3.3.3 Cleaning datasets

Prior to analyses | used a three-step cleaning process. Step one was a pre-clean of each of
the four datasets to remove any record which was not a fire or had insufficient attribute
information to determine whether it was a fire. The 2605 records (totalling 81 861 ha) that

had no attribute information were removed, as these records could not be used in analyses.
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The 1841 fire (total of 0.4 ha) records <10m? were removed as it was unable to be
determined if they were fire suppressed quickly or a data entry error (Table 2.2).

The second step was an automated clean (hereafter auto-clean) using tools in
ArcMap (ESRI 2013) to identify replicate records. The ‘Find Identical’ tool was used to
remove replicate records within each dataset. These deleted records were visually checked
to ensure they were replicates of a retained record. The ‘Are Identical To’ option within the
Spatial Join tool was then used to find any records with identical year, size (ha) and
perimeter (m) between datasets. The polygons for each record identified by the ArcMap
tools were visually checked and repeat records of the same fire were removed, whilst
retaining all attribute information if spread among multiple records. The four cleaned
datasets were then merged into the final database (hereafter database (a)).

The final step was a manual-clean of database (a) where records were sorted
alphabetically by fire name and then year and, after a visual inspection, any polygons with
the same fire name and year and overlapping perimeter were merged. Most fires did not
have a fire name, so all records were sorted chronologically, and the information icon used
to identify multiple layers of records with the same year and the same or similar area and
perimeter size, or polygons with the same year and completely contained within another
polygon. Any records matching these criteria were merged into one record (unless date
information indicated different fires), to create a new boundary covering the maximum
possible area for all records of that fire. Where boundaries were slightly different, this
process may have inflated the area burnt for some records. Most records did not indicate
the month of fire occurrence, so this process may have merged fires that occurred at
different times in the same year and burnt within the same approximate perimeter. These
criteria for merging may not have recognised replicate records of small fires which were

recorded with different coordinate systems or datums and did not overlap.
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3.3.4 Land managed for biodiversity conservation

A zoning system is used by authorities to set fire management objectives across NSW.
Lands where asset protection is not the primary objective, and fire is used to promote
ecological outcomes such as biodiversity conservation, are termed Land Management
Zones (LMZs) (Office of Environment and Heritage 2013). Approximately 9.5% of extant
vegetation in NSW is set aside as formal reserves, and approximately 10% of privately
owned land is managed for conservation (NSW Environment Protection Authority 2018).
Although LMZs occur in these and other tenured land, here | used only the 6.5 million ha
(14% of extant vegetation) zoned as LMZ on NPWS land (Figure 2.1), where biodiversity
conservation is a key legislated objective (NSW National Parks and Wildlife Act 1974).
Fire management varies among the 16 native vegetation formations, based on
structure and physiognomy (NSW Rural Fire Service 2021). | used GIS layers of the
vegetation formations of NSW (version 3.03, Keith and Simpson 2010), to create 16
separate datasets of fires recorded within each vegetation formation (hereafter non-
NPWS). I then used the ‘Clip tool in ArcMap (ESRI 2013) and a GIS LMZ layer to create
a further 16 datasets of only the LMZ portion of each formation in NPWS land managed

for biodiversity conservation (hereafter NPWS Estate).

3.3.5 Quantifying the error

As a measure of error, | quantified the number of replicate records and the percentage of
records missing attributes important for biodiversity conservation (month of fire
occurrence and fire intensity) for NSW as a whole and each portion of each vegetation
formation in NPWS Estate, and the proportion of each vegetation formation not within
NPWS Estate LMZ (hereafter non-NPWS). Using a Wilcoxon-signed rank test | compared

the proportion of replicate records identified by the auto- and manual-cleans. 1 also tested
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if the median percentage of records missing attributes in a given vegetation formation
differed between NPWS Estate and non-NPWS, between eastern and western NSW, or
between wet and dry vegetation. As there was only one wet formation in western NSW,
wet and dry vegetation was compared for eastern formations only. As the NPWS_F dataset
only contained records until 2016 | omitted 2017 —2018 data from all analyses using
NPWS Estate data.

There is potential for error in interpretation of fire history due to missing records. |
tested if percentages of vegetation formations with no fire records differed between NPWS
Estate and non-NPWS, between eastern and western, or wet and dry eastern formations
using a two-factor analysis of variance (ANOVA).

In addition, to determine if there were records of fires not in the fire history
database, | used a systematic search of newspapers (n = 479) between 1803 and 1969,
stored within the online electronic newspaper archive of the National Library of Australia
(Trove). For the first 100 articles per year (or all if <100) mentioning bushfires, | recorded
details of large fires (>5 ha) within areas mapped as extant vegetation in 2010. I cross-
checked if fires were in the database. Full details of methods are in Chapter 2.2.4. No other

sources of fire records were examined.

3.3.6 Assessing change in time

Data quality may change at particular points in time due to change in factors that affect
record keeping (e.g., legislative or technological change). | used change point analyses to
test for temporal patterns in scale and location (Fearnhead and Rigaill 2019) in recorded
area burnt, missing attributes, or repeated records. Originally, change point analyses tested
for a single change point (Page 1955), but tests for multiple change points in time series

data have been developed for use with larger datasets (e.g., economics, Oh et al. 2005;
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climate change, Reeves et al. 2007). Use with small datasets may lead to excess noise, lack
of statistical power (Andersen et al. 2009), and difficulty determining thresholds for the
test statistic, increasing false positive detections (Ross et al. 2011). As this database was
small (117 data points, years 1902 to 2018), | compared consistency among seven methods
in change points detected.

Many commonly used change point tests are parametric, and their assumptions
were not always met with database (a). Therefore, | used two parametric (one single, one
multiple) and five non-parametric (one single, four multiple) methods to detect change
points (Table 3.2; see section 2.2.5 for full details of methods). Data for total area burned
per year were logarithmso-transformed to reduce skewness and heterogeneity of variance
and converted to a time series prior to change point analysis. All change point analyses
were conducted in R (R Core Team 2018). Based on the change points identified, |
selected subsets of data and used Spearman’s correlation to assess change in error over
time. Using the same subsets, | tested relationships of number of records and area burnt to
time using regression analyses. | used analysis of covariance to compare the parallelism of
regression lines of recorded area burnt over time for post-auto-clean and for unique records
(‘sm.ancova’ in the ‘sm’ package; Bowman and Azzalini 2018 in R, R Core Team 2018).

Wilcoxon-signed Rank tests, two-factor ANOVA, Spearman’s correlations and

regression analyses were performed in SPSS version 25 (SPSS: IMB Corp. 2017).

3.4 Results

The four datasets originally contained 168 951 records. The cleaning process reduced this
to 39 969 unique fire records (total area 30.6 million ha) in database (a), with 18 117
records (10.3 million ha) within NPWS Estate. The earliest recorded fires in database (a)

were in 1902 and the most recent fires used in my analyses were in 2018.
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Table 3.2. Change point methods used in analyses

For each test: number of change points tested (single or multiple); test type (parametric (P),

non-parametric (NP)); and the R statistical package (v 4.0.1) used for analyses

Test Single/ Type R Package

Multiple
F-Statistic Single P strucchange (Zeileis et al. 2002)
Pettit Single NP trend (Pohlert 2018)
E-divisive Multiple NP ecp (James and Matteson 2014)
Mann-Whitney Multiple NP cpm (Ross et al. 2011; Ross 2015)
Breakpoint Multiple P strucchange (Zeileis et al. 2002)
Lepage Multiple NP cpm (Ross et al. 2011; Ross 2015)
Mood Multiple NP cpm (Ross et al. 2011; Ross 2015)

3.4.1 Error in the fire datasets

All four source datasets were necessary to capture all fire records because each dataset

contained records that were not found in any other dataset. The RFS datasets captured 82%

of NPWS records. There were 5837 records in the NPWS_F dataset that were not in the

RFS datasets. These records were spread from 1902 to 2016 but most of the area was

before 1990 (Figure 3.1). At least 560 records within NPWS Estate were in the RFS

datasets but not in NPWS_F, mostly before 2000. The process of merging was responsible

for 20 185 (48%) repeated records in the database. Of the remaining 21 908 repeated

records, 99% (21 758) were repeats of RFS records within RFS datasets, and 1% (150

records) were repeats within NPWS_F.
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Each cleaning stage removed many records. Pre-cleaning removed 86 889 records;
2% were small fires (<10m?), the remainder were not fires or were missing all attribute
information (Table 2.2). The manual-clean removed more than ten times as many replicate
records as the auto-clean of the database (auto 3268 records, 2.7 million ha; manual an
additional 38 825 records, 34.4 million ha; Figure 3.2a). Similarly, in areas managed for
biodiversity in NPWS Estate the auto-clean removed 1195 replicate records (1.4 million
ha) while the manual-clean removed an additional 22 321 (15.4 million ha; Figure 3.2b).
Not completing a manual-clean exaggerated the number of fires and area burnt by >300%
in some years (Figure 3.2; e.g., Table 3.3). The effect of cleaning was not uniform among
vegetation formations and differed between time periods (e.g., Table 3.3), and cleaning
eliminated a spurious extreme peak in area burnt in the 1990s (Figure 3.3). The mean
percentage of records (+ SE) that were replicates was 55% = 1 in eastern versus 28% = 6 in
western NSW. In eastern dry vegetation this was lower (41% + 5) than in wet (57% + 1,
Table 3.1).

Of the unique records, 91% (36 521 records), although containing enough
information for my analyses, were missing month and/or intensity (Table 2.3). There was
no ‘fire type’ attribute in the RFS datasets because RFS_F1 and F2 were dedicated to
wildfire records. However, based on comparison with NPWS_F records, there were at least
1350 records of prescribed fires in RFS_F1 and F2 from 1902 — 2006. After
commencement of RFS_HR1 in 2006 this reduced to <10 records of prescribed fires per
year in RFS_F1 and F2. All records in NPWS_F contained a fire type. Most records were
missing a cause of fire and there were inconsistencies within records with an entry for this
attribute, e.g., 2% of records in NPWS_F with “cause” listed as lightning had “class” listed

as prescribed.
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Figure 3.1 (a) Area burnt per year and (b) records in the National Parks and Wildlife

Service fire history dataset (NPWS_F) between 1935 and 2016 not recorded in the NSW

Rural Fire Service datasets. There were no fire records prior to 1935 found only in the

NPWS_F dataset. There were only 4 years between 1935 and 2016 for which all records in

the NPWS dataset were included in the RFS dataset.
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Figure 3.2 Percentage of total fire records in datasets: removed by automated (light grey
bars) or manual cleaning (dark grey bars); or retained as unique after cleaning (black bars).
Data for (a) all of New South Wales (NSW) and (b) Land Management Zones in NSW

National Parks and Wildlife Service Estate. There were 32 years with no fire records
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Figure 3.3 Area recorded burnt each year in the New South Wales (NSW) fire history
database from 1902 — 2018 after auto-cleaning of the data (x) versus unique records
identified by the manual-clean (open square). Ten-year moving average of recorded area
burnt each year in the NSW fire history database from 1902 — 2018 based on the auto-

cleaning of the records (solid line) versus the manual-clean (dotted line)
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Table 3.3. Example impacts of replicate fire records on interpretation of fire history

Number of records and area burnt in two time periods for: Royal National Park (RNP);
Blue Mountains National Park (BMNP) within the Blue Mountains World Heritage Area;
and for two vegetation formations, Dry Sclerophyll Forest (Shrubby sub-formation) (DSF-
S) in eastern NSW and Arid Shrublands (Acacia sub-formation) (AS-A) in western New

South Wales. Data shown before any cleaning, after automated cleaning and after manual

cleaning
Example Period No. fires No. fires No. fires
before cleaning (area post auto-clean (area  post manual-clean

(ha)) (ha)) (area (ha))

RNP 1965 - 2009 1648 (168 082) 1645 (167 058) 603 (51 813)

RNP 2009 - 2018 41 (3507) 41 (3507) 30 (2978)

BMNP 1951 - 2009 1895 (1 546293) 1824 (1 255 530) 722 (473 369)

BMNP 2010 - 2018 276 (168 308) 255 (132 551) 129 (104 915)

DSF-S  1902-2009  34827(17078380) 33615 (16 003592) 15 168 (7 141 230)

DSF-S 2010 - 2018 7528 (1 704 088) 7084 (1458 838) 4794 (1 024 418)
AS-A 1957 - 2009 48 (535 815) 47 (535 704) 40 (535 638)
AS-A 2010 - 2018 188 (201 188) 176 (169 147) 130 (158 004)
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3.4.2 Area of New South Wales with no fire records

Between 1902 and 2018, there were no fire records for 76% (37.6 million hectares) of the
extant native vegetation of NSW, and 13% (2.5 million ha) of NPWS Estate (Table 2.1).
For a given formation, there was a smaller percentage of area with no fire records in
NPWS Estate than non-NPWS and in eastern than western formations (2-way ANOVA
arcsine transformed: NPWS vs non-NPWS F = 11.537, P = 0.004; east vs west F = 43.306,
P <0.0001; interaction F = 1.922, P = 0.185; Table 3.1; Figure 3.4).

Within eastern formations, there was no difference between wet and dry formations
in the percentage area with no records, but NPWS Estate had a smaller percentage of area
with no records than non-NPWS (2-way ANOVA arcsine-transformed: wet vs dry F =
1.804, P = 0.204, NPWS vs non-NPWS F = 10.125, P = 0.008; interaction F = 2.579, P =

0.134; Table 3.1; Figure 3.4).

However, the database is not an accurate representation of fire history as there is
evidence of many fires having occurred that are not recorded in the database. Trove
newspaper articles showed that the NSW fire databases are an incomplete record, even for
the period spanned by the databases. Of the 13 995 articles dated between 1804 and 1969
examined 546 (4%) reported fires that matched the criteria. Of these, 252 (46%) were
between 1902 and 1969, and only four of which were in database (a) (Table A2.1). As
most articles used adjectives to describe fire size, the area burnt was difficult to ascertain.
The earliest fire meeting the criteria was in 1836, 66 years before the earliest fire in the
FDB. There were 328 fires (2.3% of articles searched) that may have occurred within lands
now zoned LMZ in NPWS Estate.

| found 53 articles reporting fires in western NSW (Table A2.1). These fires, within
the Arid Shrublands and Semi-arid Woodland’s formations, occurred in each decade from

1892 to 1969. The earliest reports in Trove of fires in Arid Shrublands were in 1893
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compared with 1957 (Acacia sub-formation) and 1973 (Chenopod sub-formation) in
database (a). The earliest fire in Trove for the Semi-Arid formations was in 1871 compared

with 1951 in database (a) (Table A2.1).
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Figure 3.4 Comparison of percentage of vegetation formations with no fire records within
New South Wales National Parks and Wildlife Service (NPWS) Estate, and for the
proportion of each vegetation formation not within NPWS Estate (non-NPWS). Eastern
formations are those with 90% of their area east of western edge of Great Dividing Range
(GDR); Western formations are those with 90% of their area west of western edge of GDR
(see Table 3.1). The horizontal middle line represents the median value, the shaded box

represents the central 50% of data and the lines represent the lower and upper 25% of data
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3.4.3 Error within National Parks and Wildlife Service (NPWS) Estate and

non-NPWS

For a given formation, NPWS Estate had a larger percentage of replicate records
(Wilcoxon: Z = -2.741, P = 0.006), as might be expected with the merging of the RFS and
NPWS datasets. The percentage of records missing month was higher in NPWS Estate than
for non-NPWS (Z =-2.585, P = 0.010; Figure 3.5). Although missing for the majority of
records (Table 2.3), for a given formation the percentage of records missing intensity was

lower in NPWS Estate than non-NPWS (Z = -3.413, P = 0.001; Figure 3.5).

3.4.4 Changes over time

Overall, the number of fire records per year in the database increased over time. The year
of first recorded fire and number of years with no fire records varied among formations
and the first fire tended to be later in western formations (Table 2.1). Prior to 1957 there
were zero to 86 fires recorded per year, 32 years with no fire records, and five years with
>50 records. The number of fire records per year increased between 1957 and 1980
(Spearman’s correlation p = 0.789, P < 0.0001; range 19 to 781, 19 years >50 records).
Between 1980 and 2008, number of records per year was variable but increased gradually
(Spearman’s correlation p = 0.436, P = 0.018; mean + SD = 722 £ 214, range 237 - 1165).
From 2009 there was a general increase until records peaked in 2013 (from 1713 to 2366

records), with a decline thereafter to 1045 records in 2016.

Two periods of change were identified in the pattern of area burnt per year in
NSW: between 1934 and 1937, and between 1962 and 1967 (Figure 3.6a). All but one of
the change points identified by the multiple change point methods were within the

‘strucchange’ package confidence intervals (1935 —1937, 1959 — 1967; Table 3.4).
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Figure 3.5 Comparison of error and completeness of the NSW fire database within New
South Wales National Parks and Wildlife (NPWS) Estate (grey) and proportion of each
vegetation formation not within NPWS Estate (white). The horizontal middle line
represents the median value, the shaded box represents the central 50% of data and the
lines represent the lower and upper 25% of data. Circles designate outliers (points >1.5

times the interquartile range from the upper or lower quartile)
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The single change point tests (Table 3.2) each identified one of the two change
periods (Figure 3.6a). The Mood and Lepage tests consistently identified a change point in
1937, even in formations with no fire records for 20 years either side of 1937. As it was
unable to be determined when this was an error (possibly due to small sample size) or a
real change point | only report Mood and Lepage results in Appendix 2 (Figure A2.5,
A2.7). Within NPWS Estate change points (1936 — 1937, 1961 — 1967) were similar to
those identified in NSW as a whole, with an additional change point identified in 1950 by

the Pettitt method (Figure 3.6b).

For vegetation formations with >500 records, change points were similar to those
for NSW as a whole. However, change points for formations with shorter fire history and
<500 data points (all in western NSW) were varied and spanned wider ranges, largely 1950
— 1981 and 1997 — 2010 (Figures A2.1 — A2.7). Therefore, the points consistently
identified for larger datasets, 1937 and 1967, were used as the points of change in

subsequent analyses.

For unique records in the database there was no detectable trend in area burnt per
year for 1937 — 1967 (Spearman’s correlation: n =31, p = 0.186, P =0.317), or 1968 —
2016 (Spearman’s correlation, n =49, p = 0.146, P = 0.316). For 1968 — 2016 area burnt
ranged from 20 382 to 3 605 562 ha (mean + SD = 501 043 £ 669 226 ha), despite large

spikes centred around 1974 and 2001—-2002 (Figure 3.3).

Not doing a manual-clean would not change the interpretation of relationships of
area burnt over time (ANCOVA post-auto- vs post-manual-clean: 1937 — 1967 h = 5.775,
P =0.541; 1968 — 2016 h = 4.304, P = 0.142). Despite exaggerating the area burnt per

year, analysing trends with just the auto-clean did not show an increase in area burnt from
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1937 — 1967 (R? = 0.013, P = 0.563) or from 1968 — 2016 (R? = 0.024, P = 0.280; Figure
3.3).

Changes identified in location and scale of all error types varied but were at similar
times to changes in area burnt for NPWS Estate and non-NPWS (1933 — 1946 and 1962 —
1998; Figure 3.7). A third period of change was identified for error (2001 — 2013), but not
for area burnt (Figure 3.7). Based on this variation in change points, | analysed error over a
range of time spans centred on 1937 and 1967, and the later period of 1992 —2016 (Table
3.5).

The percentage of replicate records increased until 2000 and reduced steeply
thereafter in both non-NPWS and NPWS Estate (Table 3.5; Figure 3.7 a, d). The
percentage of records missing month declined gradually from a peak in the late 1930s until
1999 and then declined steeply to <1% of records from 2014 to 2016 in non-NPWS and
NPWS Estate (Table 3.5; Figure 3.7 b, €). The percentage of records missing intensity data
within non-NPWS areas showed a decline from 1937 to 1965, was variable until 1993 and
then increased thereafter (Table 3.5; Figure 3.7¢) This differed in NPWS Estate which
increased from 1937 to 1965, was variable until 1991 and then declined until 2016 (Table

3.5; Figure 3.7f).
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Table 3.4. Confidence intervals for change points

For the whole of New South Wales and for each vegetation formation/sub-formation, the

95% confidence intervals identified by the Strucchange test for each change point (CP)

identified, indicating the years within which a change in area burnt occurred

Formation/sub-formation CP1 CP2 CP3
All Fires 1935 - 1937 1959 - 1967
Alpine 1597 — 1963
Arid Shrublands (Acacia) 1991 — 2003
Arid Shrublands (Chenopod) 1960 - 1986 1980 — 2022
Dry Sclerophyll Forest 1924 - 1942 1948 - 1952 1969 - 1977
(Grassy/Shrubby)
Dry Sclerophyll Forest (Shrubby) 1935 - 1937 1959 — 1967
Forested Wetlands 1935 - 1937 1961 — 1965
Freshwater Wetlands 1934 - 1940 1961 — 1965
Grasslands 1967 - 1973 1995 — 2007
Grassy Woodlands 1932 - 1936 1958 - 1962
Heathlands 1938 - 1944 1960 — 1966
Rainforests 1934 - 1938 1961 — 1965
Saline Wetlands 1938 - 1946 1972 - 1978
Semi-Arid Woodlands (Shrubby) 1965 - 1971
Semi-arid Woodlands (Grassy) 1965 — 1981
Wet Sclerophyll Forests (Grassy) 1935 - 1937 1966 — 1974
Wet Sclerophyll Forests (Shrubby) 1936 - 1938 1967 - 1973
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Figure 3.6 Area burnt per year in (a) New South Wales (NSW) and (b) areas managed for
biodiversity (National Parks and Wildlife Service (NPWS) Estate). Points of change in
area burned (ha) between 19022018 detected by five change point methods (black dots):
1: F Statistic (single); 2: Pettit (single); 3: E-Divisive (multiple); 4: Mann-Whitney
(multiple); 5: Breakpoint (multiple). Confidence intervals (95%) (vertical dashed lines)

shown for: (a) NSW 1935 - 1937 and 1959 — 1967; and (b) NPWS Estate 1935 — 1937 and

1958 — 1966
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Figure 3.7 Analysis of change over time (1937 — 2016) for percentage of: records in the

proportion of each vegetation formation not within New South Wales National Parks and

Wildlife Service (NPWS) Estate that were (a) replicates; (b) missing month of fire

occurrence; (¢) missing intensity; and records in areas managed for biodiversity (NPWS

Estate) that were (d) replicates; (€) missing month of fire occurrence; (f) missing intensity.

Grey dotted lines indicate change points
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Table 3.5. Change in error over time in the New South Wales fire history database

Results of Spearman’s correlation (p and P-values) examining change over time in percent

replicate records, and percent records missing month of fire occurrence or intensity.

Results for areas managed for biodiversity conservation (National Parks and Wildlife

Service (NPWS) Estate) and other areas of NSW (proportion of each vegetation formation

not within NPWS Estate; non-NPWS). Time spans based on change point analyses (see

Figure 3.7)
Variable NPWS Time span Mean + SD p P
Estate / (Range)
non-NPWS
% Replicates non-NPWS 1937 -2000 48+12(0-65) 0.570 <0.0001
2001 —2016 44+16(21-79) -0.753 0.001
% Replicates NPWS 1937 —2000 49 +13 (0-67) 0.579 <0.0001
2001-2016 52+12(29-76) -0.668 0.005
% Missing non-NPWS 1937 -1999 68 +19 (0—100) -0.289 0.023
month 2000 - 2016 8+11(0-33) -0.988 < 0.0001
% Missing NPWS 1937 -1999 71+19(0-100) -0.164 0.203
month 2000- 2016 9+11(0-34) -0.969 <0.0001
% Missing non-NPWS 1937 -1966 32 +25(0-100) -0.494 0.008
intensity 1967 —1991 95+10(56-91) -0.089 0.652
1992 — 2016 90 4 (80 — 96) 0.150 0.494
% Missing NPWS 1937 - 1965 37+29(0-100) 0.446 0.015
intensity 1966 — 1993 72 +9 (50 - 85) -0.045 0.829
1994 — 2016 77+17(31-92) -0.515 0.008
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3.5 Discussion

This study illustrates a large potential impact on interpretation of fire history due to error in
digitally stored fire records. | identified errors in area burnt, and missing attributes which
greatly reduce the usefulness of digital records for biodiversity conservation management.
Area recorded as burnt was exaggerated if automated software tools were relied on to
identify repeated records. There were large gaps in digitally stored fire history, particularly
in less populated areas. The amount of error and missing information decreased in the last

two decades, particularly in areas managed for biodiversity conservation.

Fire databases around the world are generally similar in structure and content and
suffer from similar types of error and inconsistencies (e.g., Africa: Kraaij et al. 2013;
Belhadj-Khedher et al. 2018; North America: Kasischke et al. 2002; Short 2014; Syphard
and Keeley 2016; Portugal: Pereira et al. 2011; Australia: present study): repeated records,

missing attribute information, locational bias, and missing records.

Replicate records are typical of large databases integrated from multiple sources
(Egenhofer et al. 1994) and often occur when fires cross jurisdictional boundaries (Short
2014). However, records due to integrating data from multiple agencies accounted for
<50% of the replicates in my study. Replicate records may also occur when daily recording
of boundaries is used to measure rate of spread, but previous records are not purged

(Pereira et al. 2011; a likely scenario in the present study).

Simple automated cleans typically only find exact replicates (Hernandez and Stolfo
1995), and thus fail to identify repeated records not matching in spelling, naming, or
digitising (e.g., Short 2014; present study). Therefore, manual cleaning is essential for
databases drawn from many sources before data can be used to interpret fire history.

Relying purely on an automated clean may grossly exaggerate area burnt (e.g., present
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study), which could be misconstrued as major change in fire behaviour. Manual cleaning,
however, relies on user judgement, which is influenced by expertise and experience,

particularly when there are gaps in attribute information (e.g., present study).

Knowledge of fire attributes is critical to biodiversity conservation (Whelan 1995;
Bradstock et al. 2005). Fire season can affect post-fire responses (Bowen and Pate 1993)
and reproduction timing (Taylor et al. 1998) in plants, population dynamics and breeding
in fauna (e.g., birds: Murphy et al. 2010; mammals: Begg et al. 1981; reptiles: Greenberg
et al. 2018), and influences seedling emergence (Knox and Clarke 2006). Fire intensity has
direct effects on plant survival, and indirect effects on fauna via changes in habitat
structure (Christensen et al. 1981; Fox et al. 2003). It would be expected that fire records
in areas managed for biodiversity would include more of these biodiversity-relevant
attributes, but this was not the case in the present study. The between fire interval and
interval variability can influence plant species composition and reproduction (Morrison et
al. 1995; Taylor et al. 1998), fauna species composition (Andersen et al. 2005; Smith et al.
2013), and habitat availability (Weber and Flannigan 1997; Haslem et al. 2012). Absence
of biodiversity-related attributes severely limit the use of fire databases for analysis of
long-term responses of biota to fire regimes. Satellite imagery can be used to fill some of
these data gaps (e.g., season, Russell-Smith et al. 2007; intensity and severity, Hammill

and Bradstock 2006).

Locational bias is common in databases of all kinds (Reddy and Davalos 2003;
Guedes dos Santos et al. 2015) and may partly explain the lack of fire records in western
NSW. Western NSW largely ranges from broad acre agriculture to rangeland grazing, with
lower population, and smaller proportions of NPWS Estate, and as such fires are less likely
to be attended by fire agencies (e.g., on private property) and may not be in the database.

Locational bias in the number of records could also relate to variation among vegetation
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types in flammability and fire return intervals (Leigh 1994; Nano et al. 2012). Given that
there were many fires in western NSW not in the database, effects of land use, population

density and vegetation type are not easily separated as explanations for fewer records.

Identifying changes in fire regimes is essential for understanding effects of climate
change in fire-prone landscapes (Enright et al. 2015). Change point analyses have been
shown to be useful for identifying temporal change in number of fires and area burned
(Greece: Dimitrakopoulos et al. 2011; Portugal: Fernandez et al. 2014; Spain: Moreno et
al. 2014; Switzerland: Pezzatti et al. 2013), however, most of these studies used a CUSUM
technique which is sensitive to outliers, and only one used a non-parametric multiple
change point method. Whilst the general agreement among methods in the present study is
encouraging for use with fire datasets, these results suggest just one method should not be
relied on. Fire datasets are generally smaller than those that the change point analyses were
developed for (Ross et al. 2011). Multiple change point tests were essential in the present

study, as single change point tests did not identify all change points.

Although not a comprehensive list of fires missing from the NSW digital datasets,
those identified by my study and in Foley (1947) mean that these datasets are not a reliable
avenue for examining long-term trends in fire occurrence in NSW. In the shorter term for
NSW there was no directional trend in area recorded as burnt between 1969 and 2016, in
contrast to the Australia-wide increase in area burned since 2011 shown by Giglio et al.
(2013). As such, it is not clear if change points identified here for NSW reflect changes in
fire behaviour or changes in record keeping. There is evidence of improved record keeping
with reduction in error since 2000. It is not clear if reduced error in recent times is typical
of fire databases as most studies assessing the magnitude of replicate records have only
reviewed a relatively short time period (e.g., 25 years, Pereira et al. 2011; 20 years, Short

2014) and have not assessed change in annual error rates over time.
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These results suggest that attributes critical for biodiversity conservation
management are not routinely collected and suggest inconsistencies in data collection
within and among agencies. Standardised data entry protocols typically reduce these types
of inconsistencies in databases (e.g., DNA microarray analysis: Brazma et al. 2001;
medicine: Carise et al. 2001; ecology: Sutter et al. 2015). If all agencies had a protocol for
defining a unique identifier for each fire, automated searches could efficiently identify
replicated records, minimising errors incurred by sharing data among agencies. Ideally
standard protocols should include checks for boundary and attribute accuracy; and, to meet
biodiversity conservation needs, recording of the month and year of fire occurrence, type
of fire (wild or prescription), and an intensity score. The inclusion of an attribute rating the
reliability of each record, particularly older records, would allow evaluation of data
accuracy. Large multi-agency fire databases in other regions have defined minimum
standards for records (e.g., Europe, San-Miguel-Ayanz et al. 2012; United States, Short
2014), and a world-wide approach to standardised data collection has been advocated
(Duff et al. 2014; Filkov et al. 2018). Such an approach would solve many of the issues

highlighted in this study.

3.6 Conclusions

I have shown that manual cleaning and careful consideration of error are critical to any
interpretation of fire history from the NSW digital fire datasets. Knowledge of fire regime
characteristics is critical for conservation planning and management, but gaps in the fire
history and the extent of missing information from existing digital records severely limits
the use of the NSW digital datasets for analysing trends and addressing biodiversity

conservation issues. The types of problems identified here are typical of digital databases
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(e.g., Egenhofer et al. 1994; Goldberg et al. 2008), but many of the errors highlighted here
could be eliminated by use of standard protocols for data entry.

It was unable to be determined if changes in area recorded as burnt and error over
time were due to changes in the fire regime or to improved record keeping, however
reduced error, particularly in the last two decades, and the extensive historic fires only
reported in newspapers suggest the latter. Similarly, | was unable to determine if variations
among vegetation type were due to characteristics of the vegetation, other climate factors,
or ignition sources. The lack of difference between wet and dry vegetation suggest
variations are due to more than the vegetation characteristics. Fire records were not
necessarily more comprehensive in areas managed for biodiversity. Some missing
attributes could be obtained from historic fire records from a range of sources, building a
more comprehensive fire history database (e.g., Wittkuhn and Hamilton 2010; Belhadj-
Kedher et al. 2018) and increasing its usefulness for biodiversity conservation

management.
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Chapter 4 Location is a better predictor of time since fire

than vegetation type

4.1 Abstract

| examined variation among, and predictors of, distributions of time since the most recent
fire (TSMREF) for extant native vegetation in NSW in south-eastern Australia. In 2018,
TSMREF varied from 0 to 92 years. TSMRF was skewed to shorter intervals in 2018, 2008
and 1998. In more coastal eastern areas, distributions were skewed to shorter times since
fire but were similar among wet and dry vegetation types. In arid and semi-arid areas,
distributions were greatly variable but skewed to longer TSF than more coastal areas and
were often heavily influenced by one or two large fire events. At a local scale, distributions
of TSMRF varied within vegetation types that spanned large geographic areas. At a finer
scale still, distributions were similar in locations in close proximity, regardless of
vegetation type. Within areas managed for biodiversity conservation, distributions of
TSMRF were skewed to shorter times since fire than in general for the vegetation type.
Previous fire history, mean annual temperature and rainfall, and land-use were stronger
predictors of the distribution of time since fire than proximity to roads and population

density.

4.2 Introduction

Fire is an intrinsic, but not uniform, influence on the structure and dynamics of ecosystems

around the world (Bond and van Wilgen 1996; Bowman et al. 2009). The key drivers of
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the spatial and temporal arrangement of fires are environmental and climatic conditions,
distribution of fuels, and ignition agents (Cary et al. 2006; Whitlock et al. 2013). Variation
in these key drivers lead to heterogeneity in fire patterns within and among vegetation

types (Meyn et al. 2007; Krawchuk and Moritz 2011).

Interactions among climate, vegetation, and topography influence moisture
patterns, determining the amount, distribution, and flammability of fuels (Rollins et al.
2002). At a regional scale, fire occurrence follows a productivity gradient. In mesic
climates productivity, and therefore fuel loads, are high but fire is limited by fuel moisture
(Krawchuk and Moritz 2011). Fire occurrence is highest mid-gradient and infrequent at
the drier, less productive part of the gradient where it is limited by connectivity of fuels
(Pausas and Bradstock 2007; Krawchuk and Moritz 2011; Lehmann et al. 2011).
Consequently, fire patterns vary among biomes (French et al. 2002; Flannigan et al. 2005;
Harris et al. 2008). The flammability of vegetation varies within ecosystems and thus at a
more local scale fire activity would be expected to vary within a biome (Bradstock 2010).
At a finer scale, within mesic ecosystems fire occurs more frequently in drier vegetation

than in wetter vegetation (Mitchener and Parker 2005).

While geographical variation in climate influences ignition frequency (e.g.,
lightning ignitions more frequent in mountainous regions: Vazquez and Moreno 1998;
Koustias et al. 2002), humans have changed the occurrence of fire over time through
increased ignition rates, fire suppression, changes to land use and cover, and hence fuel
arrangement and availability (Spies et al.2004; Marlon et al. 2008; Bowman et al. 2011).
Anthropogenic ignitions are the main cause of wildfires in many regions (e.g., southern
Europe: Henderson et al. 2005; Alaska: Todd and Jewkes 2006, southern China: He et al.

2013) and often increase with proximity to high population densities (Sypahrd et al. 2007;
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Chas-Amil et al. 2013). Conversely, active suppression and fire prevention activities are

greater in the wildland-urban interface and may reduce fire frequency (Cohen 2000).

Time since fire and the associated changes in vegetation structure are critical to
biodiversity management because they influence the suitability of habitat for faunal species
(Monamy and Fox 2000; Fox et al. 2003). Spatially variable fire regimes in the landscape
provide a variety of options to enable persistence of a range of taxa (Bradstock et al. 1995;
Panzer 2003; Fuhlendorf et al. 2006), thereby increasing species diversity. The complexity
of factors which influence the burning of vegetation result in natural variation of fire
intervals, severity, and extent in the landscape (Bradshaw et al. 1997; Beaty and Taylor
2002; van Wilgen et al. 2010). Too frequent burning however, while reducing the risk of
uncontrolled wildfires (Bradstock et al. 1998), can lead to homogenisation of vegetation
age classes with negative consequences for biodiversity (Morrison et al. 1995; Dellasala et

al. 2004).

In landscapes managed for biodiversity conservation, variation of fire regimes can
be achieved by creating patches of differing fire history and vegetation successional stages
(Richards et al. 1999). Fire interval thresholds for biodiversity conservation, which guide
the targets for proportions of the landscape in any given state, can be calculated in a
number of ways including fuel biomass (e.g., South Africa: Brockett et al. 2001; van
Wilgen et al. 2008), natural fire intervals and age class distributions (e.g., Sweden,
Angelstam 1998; Australia: Woinarski and Winderlich 2014), or flora life history traits and
responses to fire (e.g. Australia: Burrows and Abbott 2003; Kenny et al. 2003). However,
these are often implemented at a broad vegetation scale (e.g., Kenny et al. 2003), whereas
variations in fire regimes have been shown to be strongly associated with local topography,
climate (Beaty and Taylor 2001; Hellberg et al. 2004; Flatley et al. 2011), soil and

geological features (Fensham and Kirkpatrick 1992; Keith 2011).
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Given the influence of interactions among climate, vegetation, and topography on
fuel availability and fire occurrence, at any given point in time it would be expected that:
(1) distributions of time since fire would be skewed to longer intervals in moister
vegetation than drier vegetation types; (2) this relationship should hold at a broad
landscape scale and at finer scales; (3) time since fire will not be evenly distributed within
a vegetation type; and (4) these relationships will be moderated by landscape management
actions that influence ignitions. The aim was to test these predictions using fire history

records for extant vegetation in south-eastern Australia.

4.3 Methods

4.3.1 Study area

The study area was the State of New South Wales (NSW), occupying 80.1 million ha in
south-eastern Australia. Geographically, NSW is divided into three regions: a thin, coastal
strip in the east with a length of 2137 km; the Great Dividing Range, a complex of
mountain ranges, escarpments and plateaus running parallel to the coast, ranging in width
from 50 to 160 km and in elevation from 300 to 2228 m; and the low, western plains,

which cover almost two-thirds of the State.

The climate of NSW is spatially and temporally variable. In the mesic east the
climate ranges from cool in the south with uniform rainfall through the year (mean annual
rainfall 600-1500 mm) to humid and sub-tropical in the north with high summer and low
winter rainfall (mean monthly rainfall winter 200-400 mm, summer 400-800 mm; Bureau
of Meteorology 2020a). The Great Dividing Range enhances rainfall near the coast and
contributes to the main environmental gradient running from the temperate east (mean

annual rainfall 600 - 2000 mm, warm summers and cold winters, mean annual temperature
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range 9 — 24°C) to the semi-arid and arid west (mean annual rainfall 100 - 500 mm, hot dry
summers and cold winters, mean annual temperature range 12 — 27°C) (Bureau of
Meteorology 2020a, b). The alpine and sub-alpine regions of the Great Dividing Range in
southern NSW experience high winter rainfall and dry summers (mean annual rainfall
1000-2000 mm, mean annual temperature range 6 — 12°C) (Bureau of Meteorology 2020a,

b).

4.3.2 Vegetation types

Areas mapped as extant vegetation in 2010 (49.5 million ha, 62% of NSW) were used in
the study, and areas mapped as cleared excluded (30.6 million ha) (Keith and Simpson
2010). The extant vegetation of eastern NSW is dominated by wet and dry eucalypt forests,
with a small area of alpine and sub-alpine vegetation in the south-east, and small areas of
rainforests scattered down the east coast, predominantly in the north east. West of the
Great Dividing Range vegetation is comprised largely of grasslands, open woodlands and

arid shrublands (Groves 1994).

Extant vegetation of NSW is classified into 16 formations or sub-formations
(hereafter together referred to as ‘formations’), based on structure and physiognomy (Keith
2004; Table 2.1). The 16 formations are further subdivided into 103 classes based on
structural and floristic characteristics (Keith and Simpson 2010; see Table A3.1 for details
of classes). These formations and classes are the ‘vegetation types’ of the study. I classified
each vegetation type as eastern, western or widespread (Table 2.1). Eastern vegetation
types had >90% of their area east of the western edge of the Great Dividing Range and
western vegetation types had >90% of their area west of the western edge of the Great
Dividing Range). Widespread vegetation types occurred in both eastern and western NSW

(Table 2.1) and were excluded from all east/west comparisons. Vegetation types were
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further classified as ‘wet’ based on mean annual rainfall exceeding 900 mm or being
dominated by plant species tolerant of periodic inundation or waterlogging (Keith 2004).
Vegetation types not meeting this definition were classified as ‘dry’. Of the 60 classes
within eastern formations, 58 were classified as eastern and two were widespread. Of the
35 classes within western formations, eight were eastern, 24 western and three widespread.
Of the eight classes within widespread formations, seven classes were eastern, and one was

western.

Vegetation formations varied more than 150-times in areal extent (Table 2.1). The
arid and semi-arid formations combined extend ~800 km from west to east and ~700 km
from north to south. The eastern formations are restricted to the eastern ~550 km of NSW
and combined, extend the ~950 km from north to south. The dry and wet sclerophyll
forests and grassy woodlands formations extend over most of the ~950km range, whereas
the Alpine, Rainforest and Heathlands formations have a patchy distribution, with

Rainforests and Heathlands largely restricted to the east coast.

4.3.3 Management zoning

Authorities use a zoning system to set fire management objectives across NSW. Lands
where asset protection is not the primary objective, and a key use of fire is to promote
ecological outcomes such as biodiversity conservation, are termed Land Management
Zones (LMZs) (Figure 2.1; Office of Environment and Heritage 2013). Approximately
13.4% (10.7 million ha) of NSW is managed for biodiversity conservation, either informal
reserves (9.5%) or private lands (3.9%; NSW Environment Protection Authority 2018).
The NSW National Parks and Wildlife Service (NPWS) is responsible for over 7 million
hectares (9% of NSW) of land within NSW, including 6.5 million ha within LMZs.

Although LMZs occur in these and other tenured land, here | used only the 6.5 million ha
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(14% of extant vegetation) zoned as LMZs in NPWS land (hereafter NPWS_LMZ; Figure

2.1).

4.3.4 Fire data

All digitally stored records of fire in extant vegetation in NSW in datasets managed by the
NSW Rural Fire Service (RFS) and the NSW Office of Environment and Heritage (OEH;
now Department of Planning, Industry and Environment) were used in the analyses. The
datasets contained details of fires recorded in NSW from 1902 to 2018. | merged all
datasets into the one database (database (a)) and removed all replicate records and non-fire

records (see Chapter 2.2 for details).

The database (a) contained 36 176 unique records of fires in extant vegetation from
1902 to 2018. The ‘Count Overlapping Polygons’ (Honeycutt 2012) tool in ArcMap (ESRI
2013) was used to define the boundaries of each area with a fire history different to
neighbouring areas. This resulted in 451 684 polygons within extant vegetation with
unique fire histories, ranging in size from 0.000007 m? to 156 795 6 ha. From these |
removed 110 515 records (109 ha) that were Polygons <50 m? because they were likely an

artefact of boundary recording errors, as most occurred along road edges and shorelines.

For each of the remaining 341 169 polygons I calculated the number of years
between June 2018 and the most recent fire in that polygon. The earliest year of the most
recent fire for any polygon was 1926. | used GIS layers of the vegetation formations and
classes of NSW (version 3.03, Keith and Simpson 2010) to create datasets of fires recorded
within each vegetation type. Seven classes were excluded from analyses because they had
<42 ha of fire recorded or only had fire records for one or two years (see supplementary
materials for details of classes). | then used a GIS layer of LMZs (supplied by OEH, 2018)

to create datasets of fires recorded within only the LMZ portion of each formation and
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each class in NPWS land. The same process was used to create layers for the most recent

fires in 2008 and 1998.

| used a GIS layer of the 18 Interim Biogeographic Regionalisation for Australia
(IBRA) bioregions in NSW (Dept. of Agriculture, Water and the Environment 2020) to
create datasets of fires recorded within each portion of each vegetation type, and the

portion within LMZs, in each bioregion (see Table A3.2 for details).

4.4 Data analysis

4.4.1 Distributions of time since the most recent fire

To examine patterns of skew towards shorter or longer fire intervals | calculated the
cumulative proportion distributions (C_TSMRF) of the area with the most recent fire in, or
prior to each year to 2018, and separately to 2008 and to 1998. To examine the
synchronicity of fire occurrence among different areas, | created time since most recent fire
(TSMREF) distributions by calculating the proportion of extant vegetation with the most
recent fire in each year from 1926 to 2018, and separately to 2008 and to 1998. Both
distributions were created for each vegetation type, and for the NPWS LMZ portion and
proportion of each vegetation formation not within NPWS Estate LMZ (hereafter non-

NPWS) of each vegetation type.

Using a one-way Analysis of Similarity (ANOSIM) | compared the skewness and
synchronicity of timing of the most recent fire events among vegetation types in NSW as a
whole, within NPWS LMZs, and for non-NPWS. Data were fourth root transformed prior
to calculating Bray-Curtis similarity matrices. Hierarchical cluster analyses were used to

determine the similarity of distributions among formations (regional scale) and among
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classes (local scale). For a finer scale | compared distributions among the portions of each
vegetation type within the six eastern bioregions on the thin coastal strip east of the Great
Dividing Range: New England Tableland; NSW North Coast; South East Corner; South
East Highlands; South East Queensland; and Sydney Basin. There were insufficient fire

records in the other bioregions to include them in these analyses.

4.4.2 Management and time since fire

Within NPWS LMZs, guidelines for ecological fire management aim to ensure that each
vegetation formation has a range of post-fire ages, based on plant responses to fire, aimed
at conserving vascular plants and threatened fauna (Kenny et al. 2003). The guidelines
identify for each formation/sub-formation: a minimum interval, aimed at avoiding loss of
plant species or localised decline due to too frequent fire; and a maximum interval, aimed
at avoiding loss of species due senescence of plants and stored seed. It is recommended
that at least 50% of a formation has a time since the most recent fire between the minimum
and maximum intervals, less than 35% below the minimum interval, and less than 35%
above the maximum interval (Office of Environment and Heritage 2013). Four vegetation
formations have the recommendation that deliberate burning should be avoided: Alpine,
Arid Shrublands (Chenopod sub-formation), Rainforests and Saline Wetlands (Kenny et al.

2003).

To determine if distributions of time since fire were within the intervals
recommended by guidelines for each vegetation formation (Kenny et al. 2003; Office of
Environment and Heritage 2013), | used ANOSIM to examine how distributions of time
since fire within NPWS LMZ and non-NPWS compared to the most diverse range of time
since fire distribution achievable, based on fire management guidelines (Kenny et al. 2003;

Office of Environment and Heritage 2013).
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| calculated C_TSMREF distributions with the greatest diversity of time since fire
spread over 92 years and within the recommended interval for each formation. For
example, a formation with recommended intervals of minimum 5 years and maximum 50
years would result in 35/5 = 7% of the formation at each of 1 to 5 years since fire; 50/45 =
1.1% at each of 6 to 50 years since fire; and 35/42 = 0.8% at each of 51 to 92 years since
fire. 1 used ANOSIM to compare C_TSMREF distributions for each vegetation formation
with the most diverse distributions achievable under current fire management guidelines
(hereafter Guidelines). I then used a Bray-Curtis similarity matrix to compare distributions
of classes to the Guideline for their respective formations. | then tested whether
distributions of time since fire (C_TSMRF) for the NPWS LMZ portion of each vegetation
type differed to the to the non-NPWS portion using a Kolmogorov-Smirnov test (ks.test; R

Core Team, 2020).

| tested if the C_TSMREF distributions among classes were similar within the
NPWS LMZ and non-NPWS portions of each formation. For each year of the 92-year fire
history | subtracted the cumulative proportion of area burnt within NPWS LMZ from that
burnt in non-NPWS. | then calculated the sum of the difference for each class and

compared the median difference for each class within a formation.

4.4.3 Predictors of the distributions of time since fire

| used BEST analysis to examine the relative importance of 13 variables as predictors of
distributions of time since fire (Table 2.4). BEST analysis was used to find the best match
between Bray-Curtis similarity matrices of time since fire and Euclidian distance matrices

for environmental predictor variables (Clarke and Ainsworth 1993).

For the portion of each vegetation type within the six eastern Interim

Biogeographic Regionalisation for Australia (IBRA) bioregions in NSW (Dept. of
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Agriculture, Water and the Environment 2020) | calculated predictors for temperature,
precipitation, and human population density using the zonal statistics tool in ArcMap

(ESRI 2013; Table 2.4).

The number of human-caused wildfires have been found to be highest within 5 km
of roads and trials (Pew and Carson 2001). As a measure of proximity to ignition sources |
buffered the portion of each vegetation type within a bioregion by 5 km and divided it into
200 m grid cells. I calculated the distance to the nearest road or fire trail for the centre
point of each grid cell in ArcMap (ESRI 2013; Table 2.4) and calculated a mean distance

for each vegetation type within the bioregion.

The six land use predictors provided another measure of proximity to ignition
sources and were calculated as the percentage of each vegetation type within each land use
category (Table 2.4). The percentage of each vegetation type with two, with three, and with
four previous fires recorded were used as predictors of the relative importance of fire
history in determining the distributions of time since fire. There were not enough fire
history data to calculate more than four previous fires.

ANOSIM and BEST analysis were conducted using PRIMER v7 (Clarke et al.

2014). The Kolmogorov-Smirnov tests were conducted in R (R Core Team, 2020).

4.5 Results

In 2018, 24% (11.8 million ha) of extant vegetation in NSW had fire records (Table 2.1).
Of the area with fire records, 38% was in western and 60% was in eastern formations, 80%
in dry and 20% in wet formations (Table 2.1). Except where stated, all analyses and results

include only areas of extant vegetation with fire records.
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The proportion of each formation zoned as NPWS LMZs varied greatly (3 — 89%)
but was lower in western (3 - 6%) than eastern (17 - 89%; 3 with >50%) formations (Table
2.1). The proportion also varied among classes (0.4 — 94%) and was lower in western
classes (0.4 — 16%) than eastern (4 — 94%; 27 with >=50%; Table 2.1).

Within extant vegetation in NSW and NPWS LMZ, time since the most recent fire
in 2018 ranged from O (burnt early 2018) to 92 years (last burnt in 1926). Of the area with
fire records, 95% (11.6 million ha) had the most recent record within the last half of the
92-year span of fire history (1973 — 2018; 96%, 3.9 million ha for NPWS LMZ). The most
recent fire for 5.3 million ha (8%) of NSW and 1.2 million ha (18%) of NPWS LMZ was
in just four of the 92-year span of the fire history (5, 16, 34 and 44 years prior to 2018).
For all vegetation formations the most recent fire was recorded in 2018, except for Alpine,
which was in 2016.

Time since the most recent fire was skewed to shorter intervals in both NSW as a
whole and within NPWS LMZs in 2018, 2008 and 1998 (C_TSMREF; Figure 4.1a - ¢). The
skew to shorter intervals within NPWS LMZ was markedly greater than for elsewhere in
NSW (Figure 4.1a - ¢), however was more similar to the NSW and non-NPWS
distributions in 1998 (Figure 4.1c). A greater proportion of NPWS LMZ consistently had
distributions skewed to shorter times than non-NPWS however the magnitude fluctuated

through time (Figure 4.1d).

45.1 Effects of scale

| used data for vegetation formations to examine distributions of time since fire at a
regional scale, vegetation classes within a formation to examine local scale, and six eastern

bioregions occurring in a thin coastal strip to examine at an even finer scale.
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At a regional scale, distributions of time since the most recent fire showed a similar
pattern of skew to shorter intervals for seven of the eastern, one western and two
widespread formations (Figure 4.2). Overall, eastern formations differed from (C_TSMRF;
ANOSIM; Table 4.1), were skewed to shorter intervals than (Figure 4.2; A3.1 — A3.4) and

were not synchronous with western formations (Figure 4.3 (a); Figure 4.4) at the three time

periods tested.
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Figure 4.1 Cumulative proportion of most recent fires in each year of known fire history
for extant vegetation in New South Wales (NSW) (black line), the proportion of each
vegetation type within NSW National Parks and Wildlife Service (NPWS) Estate Land
Management Zones (LMZ) (black dotted line), and proportion of each vegetation
formation not within NPWS Estate LMZ (non-NPWS) (grey line) in (a) 1998, (b) 2008,
and (c) 2018, and (d) the difference in cumulative proportion burnt between NPWS LMZ
and non-NPWS for 1998 (black dotted line); 2008 (black dashed line); and 2018 (grey

line). The diagonal lines represent an even distribution
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Figure 4.2 Cumulative proportion of most recent fires in each year of known fire history

from 2018 (0 years) to 1926 (92 years) for extant vegetation in New South Wales (NSW)

(black line), the proportion of each vegetation type within NSW National Parks and

Wildlife Service (NPWS) Estate Land Management Zones (LMZ) (black dotted line), and

proportion of each vegetation formation not within NPWS Estate LMZ (non-NPWS) (grey

line). The diagonal grey lines represent an even distribution, and the grey dotted lines

represent the most diverse distribution achievable under management guidelines (Kenny et

al. 2003). See Table 2.1 for vegetation abbreviation name explanations
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Figure 4.3 Mean percentage of area (ha) of most recent fires in each year of known fire
history from 2018 for eastern (grey line) and western (black line) (a) formations and (c)
classes; and eastern dry (grey line) and eastern wet formations (black dotted line) (b)

formations and (d) classes in New South Wales
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Table 4.1. Comparisons of time since the most recent fire distributions among
vegetation types in New South Wales

Results of analysis of similarity (ANOSIM) (R and P values) comparisons of Time Since
the Most Recent Fire (TSMRF) and the cumulative TSMRF (C_TSMRF) distributions for
eastern versus western and wet versus dry formations and classes within New South Wales
and the proportion of each formation within NSW National Parks and Wildlife Estate Land

Management Zones (NPWS LMZ)

Comparison Distribution ~ Time span NSW R (P) NPWS LMZR (P)
type
Eastern vs C_TSMRF 2018 — 1926 0.54 (0.002) 0.412 (0.006)
Western 2008 - 1926  0.755 (0.0003) 0.535 (0.002)
formations 1998 - 1926 0.358 (0.009) 0.289 (0.002)
TSMRF 2018 -1926  0.891 (0.0003) 0.053 (0.001)
2008 - 1926  0.741 (0.0007) 0.497 (0.0002)
1998 - 1926  0.749 (0.0007) 0.501 (0.002)
Eastern vs C_TSMRF 2018 -1926  0.529 (0.0001) 0.636 (0.0001)
Western classes 2008 - 1926  0.751 (0.0001) 0.765 (0.0001)
1998 - 1926  0.378 (0.0001) 0.552 (0.001)
TSMRF 2018 —-1926  0.904 (0.0001) 0.81 (0.0001)
2008 - 1926 0.87 (0.0001) 0.799 (0.0001)
1998 - 1926  0.841 (0.0001) 0.771 (0.0001)
Wet vs Dry C_TSMRF 2018 -1926  -0.036 (0.508) -0.096 (0.859)
formations 2008 - 1926 -0.004 (0.356) -0.059 (0.637)
1998 - 1926 0.128 (0.113) 0.006 (0.346)
TSMRF 2018 -1926  -0.023 (0.484) -0.023 (0.476)
2008 - 1926 -0.023 (0.451) -0.016 (0.426)
1998 - 1926 0.008 (0.331) -0.013 (0.410)
Wet vs Dry C_TSMRF 2018 -1926  -0.097 (0.996) -0.099 (0.993)
classes 2008 - 1926 -0.112 (1) -0.103 (0.997)
1998 - 1926 -0.099 (0.999) -0.113 (1)
TSMRF 2018 -1926  -0.097 (0.999) -0.105 (0.993)
2008 - 1926 -0.12 (0.999) -0.121 (0.998)
1998 - 1926 -0.118 (0.999) -0.12 (0.997)
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Distributions were more synchronous among eastern formations (TSMRF; 70%
similarity excluding Alpine) than among western (43% similarity; Figure 4.4). The
dissimilarity among western formations was largely driven by the Grasslands and
Freshwater Wetlands distributions which were skewed to shorter times since fire (Figure
4.2). Time since the most recent fire in Alpine vegetation was not synchronous with other
eastern formations (35.9% similarity; Figure 4.4), as 93% of the area burnt in the most
recent fires were restricted to five years (2007 — 2008 and 2002 — 2004). This heavy
influence of one or two large fire events was similar to the western arid and semi-arid

formations (Figure 4.2).

At a local scale, TSMREF distributions in eastern classes were also skewed to
shorter intervals than (Figure 4.5a, b; Figure A3.6) and were not synchronous with western
classes (Table 4.1; Figure 4.3c; Figure A3.6) at the three time periods tested (2018: Figure
4.5¢, d; 2008 and 1998: A3.1 — A3.4). Within a formation, C_TSMREF distributions of
classes were more similar among eastern formations than among western in NSW and
NPWS LMZs (Figure 4.6; Figure A3.6, A3.7). Distributions varied markedly among the
western and widespread formations that contained eastern classes (excluding Saline
Wetlands, Figure 4.5c¢, d; Figure 4.6; Figure A3.6, A3.7), driven by the skew to shorter

times since fire within eastern vegetation.
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Figure 4.4 Dendrogram based on Bray-Curtis cluster analysis showing similarity among
distributions of proportion of each vegetation formation recorded as burnt in each year of
known fire history from 2018 to 1926 in New South Wales. E = eastern; W = western; X =

widespread; D = dry; W = wet. See Table 2.1 for abbreviated name definitions
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Figure 4.5 Cumulative proportion of most recent fires in each year of known fire history
from 2018 for classes within (a) Wet Sclerophyll Forests (Grassy sub-formation; WSFG),
(b) Dry Sclerophyll Forests (Shrubby/Grassy sub-formation; DSFS), (c) Grasslands
(Grwid, and (d) Semi-arid Shrublands (Grassy sub-formation; SAGr). The grey diagonal

lines represent an even distribution
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Figure 4.6 For each formation the median Bray Curtis similarity (%) of the cumulative
proportion distributions of time since fire from 0 to 96 years since the most recent fire for
each class when compared with the cumulative proportion distributions of their respective
formation within (a) New South Wales and (b) the proportion of each vegetation type
within NSW National Parks and Wildlife Service Estate Land Management Zones (NPWS
LMZ). The horizontal middle line represents the median value, the shaded box represents
the central 50% of data and the lines represent the lower and upper 25% of data. Circles
designate outliers (points >1.5 times the interquartile range from the upper or lower
quartile). E = eastern; W = western; X = widespread; D = dry; W = wet. See Table A3.1

for locations of classes
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At an even finer scale, TSMRF distributions for formations were similar within a
bioregion but not between bioregions (2-way crossed ANOSIM, bioregion: r =0.22, P =
0.0001; formation: r = 0.047, P = 0.117). Of the 55 pair-wise comparisons among
distributions between formations, 44 were similar and 11 were different (P = <0.05). Eight
of these were between wet and dry formations (e.g., Dry sclerophyll Forest
(Shrubby/Grassy) and Saline Wetlands: r = 0.247, P = 0.041), and three between
formations occurring only within small patches in the bioregion (e.g., Freshwater Wetlands
and Saline Wetlands: r = 0.358, P = 0.007). This also held within NPWS LMZ (2-way
crossed ANOSIM, bioregion: r = 0.221, P = 0.0001; formation: r = -0.007, P = 0.551).

Distributions of time since fire for the proportion of each class in a bioregion also
tended to group by location (Figure 4.7), with classes in the northern bioregions more
similar to each other (73% similarity) than to the southern (51%) or central (68%)
bioregions. There was more variation among the class distributions in the southern
bioregions than the northern (Figure 4.7).

Contrary to my predictions, distributions were synchronous between wet and dry
vegetation at a regional scale in NSW (Figure 4.3, Table 4.1) and were skewed to shorter
times since fire (Figure 4.2). The C_TSMRF distribution of the one western wet formation
was more similar to the eastern wet formations (99% similarity) (Figure 4.4). This held at a
local scale, with the two western wet classes similar in distribution to the eastern wet
classes (TSMRF; Figure A3.6; Table 4.1) and skewed to shorter times since fire

(C_TSMREF; Figure A3.6).

At an even finer scale, distributions of time since fire were synchronous among wet
and dry classes within a bioregion, but not between bioregions (2-way crossed ANOSIM,

bioregion: r = 0.223, P = 0.0001; formation: r = 0.02, P = 0.134). This also held within
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NPWS LMZ (2-way crossed ANOSIM, bioregion: r = 0.263, P = 0.0001; formation: r = -

0.013, P = 0.222).

2D Stress: 0.2

Figure 4.7 Non-metric multidimensional scaling ordination (fourth root transformed and
Bray-Curtis similarity) of the proportion of each class within the six eastern most
bioregions in NSW: New England Tableland (northern, dark grey open square); NSW
North Coast (northern, dark grey open triangle); South East Queensland (northern, dark
grey open circle) ;South East Corner (southern, light grey diamond); South Eastern

Highlands (southern, light grey circle) and Sydney Basin (central, black cross)

4.5.2 Predictors of time since fire distributions

The strongest suite of environmental predictors of similarities among distributions of time
since fire varied from three to five variables (Table 4.2). Within NSW as a whole, the

strongest suite was found at four variables, after which any additional variables only
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slightly increased or decreased the correlation coefficient (0 — 0.2%). The proportion of the
vegetation type with two fires recorded, annual mean temperature and rainfall, and
proximity to parks or conservation areas were the most consistent predictors of similarity
in time since fire distributions among formations in NSW at a regional and fine scale
(Table 4.2). This varied slightly within the LMZ portion of each vegetation type, where the
strongest suite was three variables for formations and five for classes. The proportion of
the LMZ with two and three fires recorded, annual mean temperature and rainfall and
proximity to non-wooded agriculture were the most consistent predictors (Table 4.2).
Mean population and mean distance to roads/fire trials were not strong predictors of

distributions of time since fire.

4.5.3 Areas managed for biodiversity

Within areas managed for biodiversity, distributions of time since the most recent fire
generally followed the same trends as in NSW as a whole in 2018, 2008, and 1998; eastern
vegetation types had distributions skewed to shorter times since fire (Figures A3.1, A3.2),
and were not synchronous with those in western vegetation (Table 4.1; Figure A3.5). Wet
and dry vegetation types had similar distributions of time since fire in the east (Table 4.1;
Figures A3.1 - A3.4). This held for the three time periods tested (Figures A3.1 - A3.4).
Unlike in NSW as a whole, within NPWS LMZ eastern wet classes were not synchronous

with western wet classes (Table 4.1).

In 2018, ten of the 12 formations (80%) and 68 of the 80 classes (85%) with
guidelines met the recommended targets of <35% of their area with a time since fire below
the minimum intervals, and twelve formations (100%) and 76 classes (95%) met the target

of <35% above the maximum intervals (Table 4.3). Only four formations (33%) and 25
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classes (31%) met the target of >50% within the intervals (Table 4.3). The percentages of

vegetation types were largely similar for each target in 2008 and 1998 (Table 4.3).

If the same intervals were assumed within NSW as a whole, the percentages of all
vegetation types meeting the targets of <35% of their area with a time since fire below the
minimum intervals and <35% above the maximum intervals were similar to NPWS LMZ.
However, no formations would have met the target of >50% of their area between the
minimum and maximum intervals in 2018, 2008 and 1998 and only between 4 and 14% of

classes (Table 4.3).

Time since fire distributions (C_TSMRF) in eastern, western, wet, and dry
formations differed overall to the most diverse distributions achievable under management
guidelines (Guidelines; Table 4.4) and were skewed to shorter times since fire in eastern
formations and longer in western in NPWS LMZ and non-NPWS (Figure 4.2). At a local
scale, distributions differed overall to the Guidelines in NPWS LMZ but were similar in the
non-NPWS portions (Table 4.4). Eastern classes were skewed to shorter times since fire than
the Guidelines however were largely similar to each other (Table 4.4; Figure 4.8). Western
classes were similar to the Guidelines overall (Table 4.4) however there was greater
variability among the distributions (Figure 4.8). The distributions of wet classes varied from
each other (Figure 4.8) and from the Guidelines (Table 4.4), however dry classes were more
similar in distribution (Figure 4.8) and to the Guidelines within the non-NPWS portion but

not within NPWS LMZs (Table 4.4).

Distributions differed between the non-NPWS portion and the NPWS LMZ portion
for most formations (K-S P-values <0.001; Figure A3.8) with the exception of Dry
Sclerophyll Forests (Grassy; eastern; K-S: D = 0.13978, P = 0.323), Wet Sclerophyll Forests

(Shrubby; eastern; K-S: D = 0.12903, P = 0.421) and Forested Wetlands (widespread; K-S:
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D = 0.13978, P = 0.324; Figure A3.8). Distributions in eastern formations were largely
skewed to shorter times since fire within the non-NPWS portion than the NPWS-portion
(with the exception of the Heathlands (eastern) formation; Figure 4.2; Figure A3.8). In
western formations, distributions were skewed to shorter times since fire within NPWS

LMZs than non-NPWS (Figure 4.2).

At a local scale, distributions in most dry classes were skewed to shorter times since
fire in the NPWS LMZ portion than non-NPWS portion (Figure A3.8), except for classes
within Arid Shrublands (chenopod) and Semi-arid Woodlands (Grassy) sub-formations.
There were no clear patterns among wet formations, with some skewed to shorter times since
fire in NPWS LMZ and others to longer, but there was little variation within a formation

except within Wet sclerophyll Forests (Shrubby sub-formation; Figure 4.9).
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Table 4.2. Predictors of the distributions of time since most recent fire

Combinations of up to five (n) environmental variables as predictors identified from BEST
analysis of the distribution of time since fire in formations and classes in New South Wales
(NSW) and for the proportion of each vegetation type within NSW National Parks and
Wildlife Service Estate Land Management Zones (NPWS LMZ) (optimal suite shown in

bold) and weighted Spearman correlation coefficient (Pw)

NSW NSW NPWS LMZ NPWS LMZ

Formations Classes Formations Classes

n Predictor Pw Predictor Pw Predictor Pw Predictor Pw

1 Temp 0.454 2 fires 0.335 Temp 0.421 2 fires 0.309
2 2 fires 0.595 2 fires 0.424 2 fires 0.530 2 fires 0.348
Temp Park Temp Rain
3 2fires 0.598 2 fires 0.460 2 fires, 0.557 2 fires 0.374
Park Grazing N-wood 3 fires
Temp AMR Temp Rain
4 2 fires 0.613 2 fires 0.468 2 fires 0.567 2 fires 0.368
Park Grazing 3 fires 3 fires
Temp Park, N-wood Grazing
Rain Rain Temp Rain
5 2fires 0.611 2 fires 0.466 2 fires 0.584 2 fires 0.367
3 fires 3 fires 3 fires 3 fires
Park Grazing N-wood Grazing
Temp Riparian Temp Temp
Rain Rain Rain Rain

Temp: annual mean temperature; Rain: annual mean rainfall; Grazing: grazing native
vegetation; N-wood: non-wooded agriculture; Park: parks/reserves/conservation areas;
Riparian: riparian/water; 2 fires: % of vegetation with two fires recorded; 3 fires: % of

vegetation with 3 fires recorded
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Table 4.3. Number of vegetation types meeting fire interval guidelines for biodiversity

conservation

For 2018, 2008 and 1998: the number (and percentage of total) of formations and classes

with <35% of their area below; with >50% of their area within; and <35% of their area

above the maximum ecologically recommended intervals for New South Wales (NSW)

(Kenny et al. 2003; Office of Environment and Heritage 2013) for NSW as a whole, and

the proportion of each vegetation type within NSW National Parks and Wildlife Service

Estate Land Management Zones (NPWS LMZ)

Time Scale Number (% of Number (% of Number (% of
total) of total) of vegetation total) of
vegetation types  types within vegetation types
below minimum intervals above maximum
intervals intervals

NSW

2018 Formation 10 (83%) 0 (0%) 12 (100%)

Class 77 (96%) 11 (14%) 78 (98%)

2008 Formation 12 (100%) 0 (0%) 12 (100%)

Class 72 (94%) 4 (5%) 77 (100%)
1998 Formation 12 (100%) 0 (0%) 12 (100%)
Class 77 (100%) 3 (4%) 77 (100%)
NPWS LMZ
2018 Formation 10 (83%) 4 (33%) 12 (100%)
Class 68 (85%) 25 (31%) 76 (95%)
2008 Formation 10 (83%) 3 (25%) 12 (100%)
Class 66 (86%) 10 (13%) 77 (100%)
1998 Formation 12 (100%) 2 (17%) 12 (100%)
Class 75 (97%) 4 (5%) 77 (100%)
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Table 4.4. Comparisons of time since fire distributions among vegetation types in New
South Wales with the most diverse distributions achievable under current guidelines

Results of analysis of similarity (ANOSIM) (R and P values) comparisons of the

cumulative proportion distributions of the proportion of each vegetation type within NSW

National Parks and Wildlife Service (NPWS) Estate Land Management Zones (LMZ) and

the proportion of each vegetation formation not within NPWS Estate LMZ (non-NPWS)

with the most diverse distributions achievable under management guidelines (Kenny et al.

2003)
Comparison Time span NPWS_LMZR (P) Non-NPWS R (P)
Formations 2018 — 1926 0.447 (0.0001) 0.313 (0.001)
Classes 2018 — 1926 0.342 (0.0009) 0.154 (0.074)
Eastern formations 2018 — 1926 0.663 (0.002) 0.548 (0.002)
Western formations 2018 — 1926 0.4 (0.008) 0.448 (0.008)
Eastern classes 2018 — 1926 0.689 (0.001) 0.381 (0.002)
Western classes 2018 — 1926 0.13 (0.134) 0.113 (0.139)
Dry formations 2018 — 1926 0.504 (0.003) 0.333 (0.001)
Wet formations 2018 — 1926 0.625 (0.003) 0.667 (0.003)
Dry classes 2018 — 1926 0.208 (0.048) 0.066 (0.290)
Wet classes 2018 — 1926 0.738 (0.001) 0.484 (0.009)
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Figure 4.8 For the proportion of each vegetation type within NSW National Parks and
Wildlife Service Estate Land Management Zones (NPWS LMZ) and the proportion of each
vegetation formation not within NPWS Estate LMZ (non-NPWS) of each vegetation class:
the median Bray Curtis similarity (%) of the cumulative proportion distributions of time
since fire from 2018 to 1926 when compared with the most diverse distributions
achievable under current management guidelines for their respective formation, grouped
into all eastern (white), western (grey), wet (dark grey dots) and dry (light grey dots)
classes. The horizontal middle line represents the median value, the shaded box represents
the central 50% of data and the lines represent the lower and upper 25% of data. Circles
designate outliers (points >1.5 times the interquartile range from the upper or lower

quartile)
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Figure 4.9 For each class within each eastern (white), western (dark grey), and widespread
(light grey) formation (dots indicate wet formations), the difference in the cumulative
proportion of area burnt per year between the proportion of each vegetation type within
NSW National Parks and Wildlife Service (NPWS) Estate Land Management Zones
(NPWS LMZ) and the proportion of each vegetation formation not within NPWS Estate
LMZ (non-NPWS) for the 92 years between 2018 and 1926. Negative scores indicate
distributions were skewed to shorter times since fire in non-NPWS than NPWS LMZ. The
horizontal middle line represents the median value, the shaded box represents the central
50% of data and the lines represent the lower and upper 25% of data. Circles designate
outliers (points >1.5 times the interquartile range from the upper or lower quartile). See

Table A3.1 for locations of classes
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4.6 Discussion

This examination of the NSW fire history shows that time since the most recent fire for
large areas of NSW was skewed to shorter intervals through time and within areas
managed for biodiversity conservation. As predicted, distributions varied by location,
scale, and vegetation type however were similar between wet and dry vegetation, and
vegetation types in close spatial proximity. Within areas managed for biodiversity,
distributions were generally skewed to shorter times than the most diverse distributions
achievable under management guidelines. Previous fire history, climate and land-use were
stronger predictors of time since fire than other anthropogenic factors. The ability to
address the aims of this chapter is compromised due to the errors in recorded fire history
and gaps in the digitally stored fire history database identified in Chapter Three. However,
the improvements in record keeping in the last two decades of the fire database (identified
in Chapter 3.4.4) indicate that a subset of the last two decades of the database may provide

more reliable data.

Longer fire intervals are typical of the less flammable arid and semi-arid
vegetation, likely to be a consequence of lower productivity and fuel accumulation (Pausas
and Bradstock 2007) with large fire events generally occurring after a build-up of biomass
following intermittent rainfall events (Letnic and Dickman 2006). Sufficient biomass to
carry a large fire can take from 10 — 20 to 30 — 50 years to build in semi-arid and arid
wooded vegetation respectively (Bradstock and Cohn 2002; Hodgkinson 2002; van Etton
and Burrows 2018) and time since fire distributions in NSW were consistent with the

natural fire regimes for these vegetation types.

A skew to shorter times since fire in the mesic, eastern vegetation types of NSW

would be expected as the availability of biomass to burn is positively associated with
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annual precipitation (Archibald et al. 2009; Bradstock 2010), and the highest rainfall in
NSW occurs along the eastern coast. In coastal heathlands, sufficient fuel loads to carry a
fire can build in as little as 18 months (Gill and Groves 1981; Bradstock et al. 1997) to 5 -
20 years (Bell et al. 1984; Enright et al. 2012), which can result in shorter fire intervals in
the dry eastern vegetation types of NSW than the western vegetation. Within Dry
Sclerophyll Forests fire can occur as frequently as every 2-5 years after a low intensity fire
(Gill 1994; Morrison et al. 1996) but generally occur every 5 — 10 years (McArthur 1967).
Intervals are slightly longer in Grassy Woodlands due to the lower rates of fuel

accumulation and more open canopies (Walker 1981; Hobbs 2002).

The distributions of time since fire in NSW however may be impacted by the
reliability of records within the fire databases. The population in western NSW is lower
and sparser, and land use is largely agricultural. Fewer fires have been recorded in the arid
and semi-arid vegetation, as fires occurring on private lands may not have been attended to
by fire agencies and as such may not be recorded in the databases. There are numerous
records of fires occurring in NSW prior to the 1970s not in the database, particularly within
the arid and semi-arid vegetation of western NSW (Foley 1947; Table A2.1). The east
coast region of NSW is the most densely populated, is where the highest proportion of
Land Management Zones occur, and where the smallest proportion of area with no fire
records occurs. Of the fires recorded in wet vegetation in NSW, only four percent have
been recorded outside of an approximately 200 km strip along the east coast of NSW. The
eastern coast has the largest wildfire-urban interface and as such fires were likely to be
attended by fire agencies and recorded in the databases. Positive relationships have been
demonstrated elsewhere between population density, fire occurrence (Keeley et al. 1999;
Cardille et al. 2001; Syphard et al. 2007), and record keeping (Reddy and Davalos 2003;

Guedes dos Santos et al. 2015). It was not possible to draw robust conclusions about how
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much of the variation in time since fire distributions among vegetation types in NSW was

attributable to vegetation type or due to gaps in the fire history database.

It was predicted that time since fire distributions would differ between wet and dry
vegetation, largely because wet vegetation has been shown to act as a natural barrier and
limiting factor to fire spread (Kitzberger et al. 1997; Wood et al. 2011), and to burn less
frequently and at a lower intensity than dry in many regions (Skinner 2003; Dwire and
Kauffman 2003; Hamill and Bradstock 2009; van de Water and North 2010). Wet
Sclerophyll Forests can accumulate large amounts of biomass however are less likely to
burn than the dry forests due to the higher moisture levels, and stand killing fires generally
occur once a century (McCarthy et al. 1999; Gill and Catling 2002). The highly fire
sensitive rainforests of south-eastern Australia experience mean natural fire intervals of

300 years (Gill and Catling 2002).

Much of the vegetation on the east coast of NSW has experienced high levels of
clearing and logging (Dillon et al. 2010; NSW Environmental Protection Agency 2018).
Up to 78% of the sclerophyll forests in Australia have been logged at varying degrees of
intensity (Keenan and Ryan 2004), and a greater proportion of wet vegetation (14%) in
eastern NSW is designated for logging than dry (9%; Forestry Corporation of NSW 2021).
Logging and clearing can alter the structure and composition of forests, leading to
increased flammability in wet vegetation types (Pausas and Keeley 2014; Paritsis et al.
2015) and this provides one possible explanation for the skew to shorter times since fire in
the wet vegetation in eastern NSW and the synchronicity of distributions with the dry
vegetation. The synchronicity in the timing of fire events between wet and dry vegetation
shown here have also been demonstrated elsewhere (e.g., North America; Olsen and Agee

2005; Charron and Johnson 2006).
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However, the scale and accuracy of fire mapping could also mean unburnt patches
are being recorded as burnt (Roy and Boschetti 2009; Padilla et al. 2015), leading to
inflated area burnt recorded in the fire database. It is common for patches of vegetation
within a fire perimeter to remain unburnt (Penman et al. 2007), particularly in complex
landscapes such as much of eastern NSW, where fragments of less flammable, wet
vegetation types are scattered within flammable, fire-adapted communities (Hamill and

Bradstock 2009).

Increased fire activity in wet vegetation types may also be occurring due to drying
of the vegetation through lower-than-average rainfall for many years from the early 2000s
(BOM 2020c), increasing global temperatures and longer than usual fire weather seasons
(Jolly et al. 2015), and long-term increases in the Forest Fire Danger Index (McArthur
1967; used to measure the influence of near-surface weather conditions on fire behaviour;
Dowdy 2018). The skew to shorter times since fire through time, particularly in the eastern
wet vegetation, was consistent with other studies showing fire frequency and annual area
burned increasing in Australia (Dutta et al. 2016) and other fire-prone environments
globally (Kasischke and Turestsky 2006; Littell et al. 2009; Miller et al. 2012; Brando et

al. 2014).

Vegetation in NSW is categorised into formations by structural, physiognomic, and
functional characteristics (Keith 2004) resulting in vegetation types that span large areas of
varied topography and geology. Fire management for biodiversity conservation is
implemented at the formation level (Kenny et al. 2003; Office of Environment and
Heritage 2013). However, post-fire vegetation structure is influenced by differences
between vegetation types and abiotic factors, and the degree to which habitat is impacted
varies with landscape attributes (e.g., topographic variation; Bassett et al. 2015), fire

history (Bradstock et al. 2005), habitat conditions, and climatic factors (Letnic et al. 2004).
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Variations in fire regimes have been shown to be strongly associated with local
topography, climate (Beaty and Taylor 2001; Hellberg et al. 2004; Flatley et al. 2011), soil
and geological features (Fensham and Kirkpatrick 1992; Keith 2011) and it was expected
that the distributions of time since fire would vary at a local scale from those at a regional

scale.

The results found here suggest more factors than just vegetation type contribute to
fire occurrence and local scale climatic and land use factors are strong predictors of
distributions of time since fire. In contrast to other regions where proximity to high
population and road densities have been found to positively influence the occurrence of
fire (Sypahrd et al. 2007; Yang et al. 2007; Liu et al. 2012; Chas-Amil et al. 2013;
Kolanek et al. 2021), previous fire history was the most consistent predictor of the
distributions of time since fire in NSW. High fire frequency in previously burned
landscapes have been demonstrated elsewhere (e.g., France: Mouillot et al. 2003; Spain:
Diaz-Delgado et al. 2004; VVazquez and Moreno 2001). Given the strong influence of local
scale factors on distributions of time since fire in NSW, intervals aimed at conserving
biodiversity implemented at a formation level may be too broad to capture species
responses to subtle variability in the habitat structure at a finer scale (e.g., Monamy and

Fox 2000).

It was expected time since fire distributions within areas managed for biodiversity
would be similar to the most diverse distributions achievable under management guidelines
as in areas managed for biodiversity conservation the timing of fires can be manipulated
for conservation outcomes. Despite most vegetation types meeting the minimum interval
target within areas managed for biodiversity, distributions within NPWS LMZs were

skewed to shorter times since fire. Frequent fire can negatively impact biodiversity as it
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can homogenise vegetation in the landscape, reducing the complexity, availability, and

quality of habitat for fauna (Aponte et al. 2014; Croft et al. 2016).

Frequent fire can also reduce the proportion of mid- to older-age vegetation in the
landscape, which has been found to be disproportionately important for the persistence of
some species in different ecosystems (Geerts et al. 2012; Di Stefano et al. 2013; Kelly et
al. 2015; Hale et al. 2016). As such, although vegetation in the landscape may meet the
guideline intervals based on plant responses to fire, the landscape may not be suitable for
the conservation of all fauna species, particularly those whose persistence depends on old
growth vegetation (Kelly et al. 2015). However, due to the large areas of NSW with no fire
records and a lack of historic records in the database, it is likely a greater proportion of
vegetation has a time since the most recent fire above the maximum intervals which would

affect the skew of time since fire distributions.

4.7 Conclusions

My analyses show that distributions of times since fire for much of NSW and areas
managed for biodiversity conservation were skewed to shorter times but were synchronous
between moist and dry vegetation types in eastern NSW. It was not able to be determined
how much, if any of the synchronicity was due to inaccurate fire mapping. Time since fire
distributions followed predicted trends at a regional scale but vary considerably at a local
scale. However, distributions of time since fire were similar in close spatial proximity
irrespective of the vegetation type. The variations in distributions of time since fire in
NSW were related to local scale factors of previous fire history, location, and land-use.

The results were limited by the reliability of fire records in the NSW fire history database,
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and it was unable to be determined how much of the variation in distributions were

attributable to poor fire record keeping.

Fire management for biodiversity outcomes in NSW are currently based on key
plant species fire responses at broad vegetation groups. Given the strong influence of local
scale factors on time since fire distributions, fire management for biodiversity conservation

may need to focus on a finer scale than is currently implemented.
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Chapter 5 Similar fire history does not equate to similar

fauna habitat in structurally similar vegetation

5.1 Abstract

In this study | investigate the impacts of vegetation type, fire history, and environmental
factors on habitat attributes. Although similar in structure and physiognomy, it was the
floristic and fine-scale structural differences that were the greatest drivers of variation in
habitat in the three vegetation types | examined. Characteristics of the most recent fire and
the interval to the next fire did not have as strong an effect on habitat as vegetation type.
The fire type (wild versus prescribed) was one of the best predictors for variation in the
landscape for some habitat types. There was a weaker, but significant effect on fauna
habitat of time unburnt prior to a fire and whether the fire is wild or prescribed. However,
these effects of fire varied among vegetation types. My findings demonstrate that key
habitat types important for the persistence of fauna did not have a uniform response among
vegetation types at a local scale. Fire management practices designed for managing plant
species survival are based on predictable plant responses to fire at a formation-scale,
however these results demonstrate that the response of key fauna habitat attributes is not
predictable at this scale and fire management may need to be directed at a finer-scale than

that at which they are currently managed.
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5.2 Introduction

Fire plays a key role in determining fauna occurrence, distribution, and abundance across
fire-prone landscapes (Hutto 2008; Lindenmayer et al. 2008c). Fire has direct effects on
animals, including mortality due to heat or smoke or increased predation (Russell et al.
2003), or indirect effects via impacts on habitat or resources (Fox 1982). Fire can alter the
structure of ecological communities by changing the spatial patterns of vegetation and the
composition of plant species (Morrison et al. 1995; Bond and van Wilgen 1996), which

can influence the suitability of habitat for fauna (Catling 1991; Fox 1982).

Ecological fire management aims to conserve biodiversity, often by maintaining
patches of differing fire histories to promote species diversity within a landscape
(Bradstock et al. 2005; Parr and Andersen 2006; Spies et al. 2012). One way of estimating
appropriate fire regimes is based on functional life-history traits of species relating to
responses to fire, using a framework of recommended minimum and maximum fire
intervals required for a particular vegetation type to maintain plant diversity (Noble and
Slatyer 1980; Kenny et al. 2003). However, these programs are generally based on
managing vegetation and rarely make reference to considerations for fauna (Clarke 2008;
MacHunter et al. 2009). The broad- blanket statement approaches of these strategies are
limited by a lack of detailed knowledge of appropriate fire regimes for most fauna species
(Bradstock and Cohn 2002; Clarke 2008). Therefore, broadly categorised land cover types

will not always reflect the amount of suitable habitat for particular animal species.

The physiognomy and structural attributes of vegetation are critical determinants of
which fauna occupy the landscape as they provide the habitat on which animals depend
directly or indirectly for breeding, shelter, and food (MacArthur and MacArthur 1961;

Brawn et al. 2001; Fisher 2001; Williams et al. 2002). At a fine scale, the availability of
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key habitat attributes such as hollows in trees and logs (Gibbons and Lindenmayer 2002)
and ground, shrub, and canopy layers of the vegetation (MacArthur and MacArthur 1961;
Major et al. 2001; Fischer et al. 2005; Debus et al. 2006) will determine how suitable a site
is for individuals. Plant species composition can also influence the distribution of fauna
directly and indirectly by influencing the abundance and types of food resources
(Rotenberry 1985; Cueto and de Casenave 2000; Jayapal et al. 2009). Variations in
climatic and environmental conditions, vegetation type (Keeley et al. 2005), and the fire
regime all interact to cause fires to vary spatially and temporally in the landscape which

influences the availability of habitat and resources (Smit et al. 2013).

Habitat suitability has been linked to time since fire in many ecosystems (Fox
1982; Kelly et al. 2011; Watson et al. 2012) however, fauna have been shown to respond
to the post-fire changes in vegetation structure and resources rather than to time since fire
per se (Monamy and Fox 2000, 2010; Fox et al. 2003). Variations in environmental factors
such as topography, soil characteristics and climatic conditions (Gilbert and Lechowicz
2004; Shryock et al. 2015; Romme et al. 2016) can influence vegetation structure and
habitat suitability. Topographic features can have indirect effects on habitat through their
effects on solar insolation, soil moisture, vegetation composition, and fire behaviour
(Dwyer and Merriam 1981; Collins et al. 2012; Bassett et al. 2015). Climatic conditions,
particularly rainfall, are key drivers of vegetation recovery and fauna population dynamics

after fire (Fisher and Owens 2000; Meserve et al. 2011; Plasvic 2014).

Habitat suitability can be altered by elements of the fire regime such as frequency,
inter-fire interval, intensity, and season (Gill and Allan 2008; Greenberg et al. 2013). For
example, frequent fire and inappropriate inter-fire intervals can simplify the vegetation
structure and reduce the availability and quality of habitat resources (Weber and Flannigan

1997; Collins et al. 2012; Haslem et al. 2012). Fire severity can indirectly affect fauna via
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changes in habitat structure (Christensen et al. 1981; Smucker et al. 2005), homogeneity of

habitat, or availability of refuges (Leonard et al. 2014).

Environmental factors can also influence elements of the fire regime. Fire tends to
be more frequent in area of high productivity associated with increased moisture (Pausas
and Bradstock 2007; Krawchuk and Moritz 2011), and the climatic conditions preceding
fire can influence the fire return time (Keeley 2004; Archibald et al. 2010; Gibson et al.
2015). The severity of a fire will vary spatially in the landscape, due to variations in fire
behaviour led in part, by variations in environmental gradients such as topography, as well
as vegetation, and fire history (Hammill and Bradstock 2006; Schoennagel et al. 2008;

Holden and Jolly 2011; Leonard et al. 2014).

The post-fire recovery of vegetation and habitat will also be influenced by the
legacies of previous fires (Catling 1991; Gill and Catling 2002). The between fire interval
and interval variability can influence plant species composition and reproduction
(Morrison et al. 1995; Taylor et al. 1998), fauna species composition (Andersen et al.
2005; Smith et al. 2013), and habitat availability (Weber and Flannigan 1997; Haslem et
al. 2012). Previous fires will vary in size and timing and, when overlain by later fires,
create a complex pattern of patches of differing fire history and vegetation structure in the
landscape (Avitable et al. 2013). Vegetation change resulting from historic fire regimes
may differ depending on the spatial scale (Palmquist et al. 2014) and environmental
context (Smith et al. 2013). As such, fire management for biodiversity conservation
implemented at a landscape or vegetation type scale may be too broad to capture local
differences in habitat due to local-scale variation in floristic composition, environmental
factors, and disturbance history. Understanding how vegetation responds to fire regimes at
different scales and in different vegetation types is key to managing for biodiversity

conservation.
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The overall aim of this study was to investigate the impacts of fire history, vegetation type,
and environmental factors on habitat attributes. Specifically, | aimed to test the extent to
which attributes of fauna habitat varied: (i) among vegetation types which are classified as
structurally similar, with similar recent fire history but with differences in plant species
composition; (ii) among areas of the same vegetation type, burnt at the same time, but with
a different interval to the previous fire; and (iii) within and among vegetation types in
relation to local environmental factors, wild versus prescribed fire, and proximity to each

other.

5.3 Methods

5.3.1 Study area

The study area encompassed the Dry Sclerophyll Forests (Shrubby sub-formation) (DSFS;
Keith 2004) vegetation in New South Wales (NSW), south-eastern Australia. DSFS covers
4.87 million hectares (ha) of eastern NSW and extends ~850 km from north to south and
~450 km east to west, commencing on the western side of the Great Dividing Range and
extending east to the coast. Vegetation is classified as DSFS based on structural and
physiognomic features (Keith 2004) and is characterised by a canopy of low scleromorphic
trees, typically eucalypts, a scleromorphic shrub layer, and a sparse ground layer (Keith
2011). DSFS occurs on low-nutrient soils where mean annual rainfall ranges from 600 —
1000 mm but increases to 1000 — 1500 mm along the eastern coastal areas (Australian
Bureau of Meteorology 2020).

Dry Sclerophyll Forests (Shrubby sub-formation) is further classified in to 14
vegetation classes which differ based on dominant canopy species, understorey floristics,

topography, and soils (Keith 2004; Table 2.7). For this study | selected three classes
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(Western Slopes Dry Sclerophyll Forests (DSF), Sydney Hinterlands DSF and Southern
Tablelands DSF) (Figure 2.12; Table 2.7). The three classes were chosen as together, they
span the latitudinal range of NSW but converge at a central location at the north-western
edge of the Sydney basin (Figure 2.12).

For this study I only used DSFS that was within areas termed Land Management
Zones (LMZs) (Office of Environment and Heritage 2013), within NSW National Parks
and Wildlife Service (NPWS) Estate National Parks, Nature Reserves, State Conservation
Areas or Regional Parks (Figure 2.13; Table SITES). In LMZs, asset protection is not the
primary objective, and a key use of fire is to promote ecological outcomes such as
biodiversity conservation. Guidelines for fire management of vegetation formations within
NPWS Estate LMZs aim to ensure that each vegetation formation has a range of fire
intervals aimed at minimising the loss of vascular plants and threatened fauna (Kenny et al.
2003). These guidelines identify for each formation/sub-formation: a minimum interval,
the shortest inter-fire interval to avoid localised decline or loss of species due to too
frequent fire (seven years for DSFS); and a maximum interval, a predicted time since fire
beyond which plant species may be lost due to senescence of plants and stored seed (30
years for DSFS). These guidelines are based on knowledge of flora responses to fire and
not fauna responses.

The fire history of NSW is stored within four digital datasets, three managed by the
NSW Rural Fire Service (NSW RFS) and one by the NSW Office of Environment and
Heritage (OEH; now Department of Planning, Industry and Environment). | determined the
fire history of DSFS using the database created by merging these four datasets and
removing all replicate records and non-fire records (see Chapter 2.2 and 2.3 for full

details).
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For my study | used GIS layers of this fire history database, the vegetation
formations of NSW (version 3.03, Keith and Simpson 2010) and a GIS LMZ layer to

define the boundaries of DSFS within NPWS Estate LMZs.

5.3.2 Site selection

The digital fire history data were used to select fifty-four sites, 18 sites in each vegetation
class (Table 2.8; Figure 2.13). The 18 sites for each class were selected to span most of the
north-south and east-west extent of each class (Figure 2.14) Sites were selected with the
most recent fire as close as possible to six years before my sampling, but availability of
sites resulted in between four and eleven years between the most recent fire and sampling
(30 burned in 2013; Table 5.1). Fifty-one of the sites had more than one fire prior to 2013
recorded in the fire database. Three sites had only one fire, the most recent fire, recorded
but were assumed to have greater than 30 years since the fire previous to that due to the
quality of fire records for the area (Table 5.1).

For each class | selected six sites within each of three inter-fire interval groups
(hereafter ‘interval groups’): between 1 and <7 years (‘below recommended intervals’ -
less than the minimum recommended interval of 7 years for DSFS (Grassy/Shrubby);
Kenny et al. 2003; Figure 2.14); between 9 and 29 years (within recommended intervals of
7 and <30 years; Figure 2.15); and between 31 and 78 years (‘above recommended
intervals’ - longer than the maximum recommended interval of 30 years; Kenny et al.
2003; Figure 2.16). The six replicate sites in each class were selected to span as much of
the inter-fire interval as possible (Figures 2.14 — 2.16).

The minimum distance between sites within a fire interval category for the same

vegetation class was 10 km, with the majority separated by >60 km, and up to 450 km
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(Figures 2.14 — 2.16). The minimum distance between sites within a fire interval but in

different vegetation classes was 400 m (Figures 2.14 — 2.16).

5.3.3 Site layout

Within each site, two parallel 100 m x 10 m transects were laid out separated by 30 m, and
both at least 50 m from the nearest road or trail. The two transects were positioned at a
distance of 30 m apart. Four 10 m x 10 m quadrats were spaced 20 m apart along each
transect (Figure 2.10) and two 2.5 m x 2.5 m sub-plots were placed in two opposite corners

of each 10 m x 10 m quadrat (Figure 2.11).
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Table 5.1. List of study sites

For each site: vegetation class, name of National Parks and Wildlife Service Estate, years between sampling and the most recent fire (TSF),

recommended interval range in years (Range), year of most recent fire (Fire 1), year of previous recorded fire (Fire 2), number of years between

Fire 1 and Fire 2 (Interval), and the date sampling occurred (Date). For Fire 1, W = wildfire and all other fires were prescribed

Site Vegetation Class NPWS Estate TSF  Range Fire 1 Fire2 Interval Date

JW001 Western Slopes Durridgere State Conservation Area 6 0-6 2013 2010 3 11/09/2019
JW002 Western Slopes Goulburn River National Park 6 0-6 2013 2011 2 02/07/2019
JWO003 Western Slopes Goobang National Park 6 0-6 2013 2008 5 06/08/2019
JW004 Western Slopes Goonoo State Conservation Area 6 0-6 2013 2011 2 08/08/2019
JW005 Western Slopes Timallallie National Park 6 0-6 2013 (W) 2007 6 16/08/2019
JW006 Western Slopes Pilliga East State Conservation Area 9 0-6 2010 2009 1 19/08/2019
JW007 Western Slopes Wollemi National Park 6 7-29 2013 1985 28 22/07/2019
JW008 Western Slopes Timallallie National Park 6 7-29 2013 (W) 2009 9 18/08/2019
JW009 Western Slopes Binnaway Nature Reserve 6 7-29 2013 2002 11 14/08/2019
JW010 Western Slopes Pilliga East State Conservation Area 6 7-29 2013 1997 16 20/08/2019
JW011 Western Slopes Goobang National Park 9 7-29 2010 1983 28 07/08/2019
JW012 Western Slopes Nangar National Park 8 7-29 2011 1998 12 16/09/2019
JW013 Western Slopes Wollemi National Park 6 30+ 2013 1982 31 13/09/2019
JW014 Western Slopes Goobang National Park 8 30+ 2011 1979 32 08/08/2019
JW015 Western Slopes Warrumbungle National Park 6 30+ 2013 (W) 1935 78 15/08/2019
JW016 Western Slopes Pilliga East State Conservation Area 6 30+ 2013 1951 62 21/08/2019
JWO017 Western Slopes Bullala National Park 7 30+ 2012 22/08/2019
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Site Vegetation Class NPWS Estate TSF  Range Fire 1 Fire2 Interval Date

JWO018 Western Slopes Weetalibah Nature Reserve 5 30+ 2015 1965 50 13/08/2019
JWO019 Sydney Hinterland  Ku-ring-gai Chase National Park 11 0-6 2009 2003 6 07/01/2020
JW020 Sydney Hinterland ~ Goulburn River National Park 6 0-6 2013 2011 2 01/07/2019
JWO021 Sydney Hinterland  Berowra Valley National Park 8 0-6 2012 2011 1 09/01/2020
JW022 Sydney Hinterland  Blue Mountains National Park 7 0-6 2013 (W) 2010 3 21/02/2020
JW023 Sydney Hinterland ~ Wollemi National Park 6 0-6 2013 2011 2 09/07/2019
JW024 Sydney Hinterland  Yengo National Park 9 0-6 2010 2009 1 09/09/2019
JW025 Sydney Hinterland  Dharawal State Conservation Area 6 7-29 2014 2001 13 20/02/2020
JWO026 Sydney Hinterland  Yellowmundee Regional Park 6 7-29 2013 (W) 2011 12 10/07/2019
JWO027 Sydney Hinterland  Yengo National Park 8 7-29 2011 (W) 2002 9 10/09/2019
JW028 Sydney Hinterland ~ Upper Nepean State Conservation Area 6 7-29 2013 1984 29 12/12/2019
JW029 Sydney Hinterland  Ku-ring-gai Chase National Park 5 7-29 2015 1990 25 08/01/2020
JW030 Sydney Hinterland ~ Morton National Park 6 7-29 2013 2000 13 15/10/2019
JW031 Sydney Hinterland ~ Wollemi National Park 7 30+ 2012 1980 32 12/11/2019
JW032 Sydney Hinterland  Bargo River State Conservation Area 6 30+ 2013 1968 45 28/11/2019
JW033 Sydney Hinterland  Ku-ring-gai Chase National Park 10 30+ 2010 1979 31 06/01/2020
JW034 Sydney Hinterland  Blue Mountains National Park 9 30+ 2011 11/07/2019
JW035 Sydney Hinterland  Cattai National Park 7 30+ 2014 17/02/2021
JW036 Sydney Hinterland ~ Morton National Park 6 30+ 2013 1982 31 16/10/2019
JWO037 Southern Tablelands Winburndale Nature Reserve 6 0-6 2013 2008 5 17/07/2019
JWO038 Southern Tablelands Cuumbeun Nature Reserve 6 0-6 2015 2013 21/01/2021
JWO039 Southern Tablelands Kosciuszko National Park 8 0-6 2013 2009 4 19/01/2021
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Site Vegetation Class NPWS Estate TSF  Range Fire 1 Fire2 Interval Date

JWO040 Southern Tablelands Abercrombie River National Park 7 0-6 2012 2010 2 12/10/2019
JWO041 Southern Tablelands Kosciuszko National Park 11 0-6 2010 2007 3 26/01/2021
JWO042 Southern Tablelands Wollemi National Park 10 0-6 2009 2006 3 21/07/2019
JWO043 Southern Tablelands Winburndale Nature Reserve 7-29 2014 (W) 2002 12 19/07/2019
JWO044 Southern Tablelands Dangelong Nature Reserve 8 7-29 2013 (W) 1987 26 22/01/2021
JWO045 Southern Tablelands Nangar National Park 11 7-29 2010 1986 24 15/02/2021
JWO046 Southern Tablelands Brindabella National Park 8 7-29 2013 2002 11 20/01/2021
JWO047 Southern Tablelands Abercrombie River National Park 6 7-29 2013 (W) 1998 15 11/10/2019
JWO048 Southern Tablelands Coolumbooka Nature Reserve 8 7-29 2013 1989 24 25/01/2021
JW049 Southern Tablelands Woomargama National Park 6 30+ 2015 1984 31 18/01/2021
JWO050 Southern Tablelands Wollemi National Park 9 30+ 2010 1979 31 20/07/2019
JWO051 Southern Tablelands Winburndale Nature Reserve 6 30+ 2013 1971 42 18/07/2019
JW052 Southern Tablelands Weddin Mountains National Park 6 30+ 2013 1974 39 09/10/2019
JWO053 Southern Tablelands Morton National Park 6 30+ 2013 1964 49 14/10/2019
JWO054 Southern Tablelands Merriangaah Nature Reserve 6 30+ 2013 1939 74 23/01/2021
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5.3.4 Data collection

Data collection was undertaken between July 2019 and January 2021. Here | describe the
general methods of data collection for habitat attributes made at each site. A more in-depth
description of the vegetation and habitat characteristics measured at each site can be found
in Chapter 2 (Table 2.9; see Sections 2.4.2 — 2.4.4).

In each 10 m x 10 m quadrat | recorded the characteristics of: all trees (stem > 15
cm diameter at breast height (DBH) at 1.3 m above the ground and >2 m tall); logs
(diameter >10 cm); stumps (height >30 cm and <2 m tall, diameter > 10 cm at 30 cm
height); vegetation structure; leaf litter; and canopy structure and solar radiation
transmittance.

For each tree | measured DBH at 1.3 m above ground for each stem, tree height,
condition (live or dead), presence of scorching, number, and size of hollows (estimated if
out of reach), presence of mistletoe or decorticating bark, presence of epicormic growth,
and presence of basal growth resprouts > 1.3 m tall. For stumps | measured the diameter at
30 cm above ground and recorded the presence of scorching or evidence of being cut
down. For each log | measured the total length, length of scorching, the diameter at each
end and the mid-point of the log, the height above ground, and the number and size of any
hollows in the log.

Understorey vegetation density was measured at four heights (0 — 20 cm, 20 — 50
cm, 50 — 100 cm and 100 — 150 cm) above the ground by observing a 50 cm x 20 cm
chequered coverboard from a distance of 2 m and 5 m in four directions.

I measured leaf litter depth and collected a leaf litter sample from an area of 50 cm
x 10 cm down to soil level at the centre of each quadrat. Each leaf litter sample was

weighed in the field using a spring balance to the nearest gram. The leaf litter was dried in
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an oven for at least 72 hours at 80° C to constant weight (i.e., until there was a change of
<0.15g for two consecutive days).

A hemispherical photograph was taken at the centre of each quadrat. Canopy
structure and solar radiation transmittance were calculated from hemispherical images
using Gap Light Analyzer software (version 2.0; Frazer et al. 1999). For consistency, all
images were processed with a pixel intensity threshold of 128.

In each 2.5 m x 2.5 m subplot | measured the heights of the understorey vegetation
in three strata groups (near surface: live foliage 0 cm — 49 cm; elevated: live foliage 50 cm
— 99 cm; intermediate: live foliage 1 m — 2 m). | also measured the characteristics of the
coarse woody debris (CWD) and ground cover. CWD was defined as dead branches on the
ground with a diameter >5 cm and < 10 cm. For each piece of CWD | measured diameter
in three places (each end and a mid-point), length of all coarse woody debris, presence of
scorching, and the maximum height above the ground.

The proportional cover of the ground by living plants, leaf litter (including sticks
<2 cm diameter), bare ground, fine woody debris (sticks >2 cm and <5 cm diameter),
CWD, logs, rocks and soil crusts was measured in one corner of each sub-plot). All habitat
attributes and variables derived from the attributes that were used in the analyses are listed

in Table 2.9.

5.3.5 Environmental and fire history attributes

Environmental, climatic and fire history predictors were calculated for each site (Table
2.10). Climatic variables were obtained from the nearest Bureau of Meteorology weather
stations to each site. Slope, aspect, and soil types were calculated in ArcMap (ESRI 2013).
Aspect was sine and cosine transformed to obtain a continuous gradient (northness and

eastness). Time since the most recent fire, number of known fires, fire type (wild or
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prescribed) and the number of years between the most recent fire and the fire before that

were determined based on information in the digital fire database.

5.3.6 Grouping habitat variables into habitat types

Given the large number of habitat measurements made, and the likelihood of correlations
among variables, | grouped variables to be analysed to produce a smaller number of
derived variables (hereafter termed ‘habitat types’). Individual habitat variables were
grouped based on type of variable and published responses of fauna to habitat at different

scales (Table 5.2).

5.3.7 Statistical analysis

5.3.7.1 Underlying differences among vegetation types and inter-fire interval groups

Given the differences in location, canopy dominants and understorey floristics among
vegetation types, there may be inherent differences among the sites that could affect
analyses of habitat structure. It was not possible to exactly match the fire history of sites
selected in each of the vegetation types and for each of the interval groups. Therefore, prior
to further analyses | examined underlying differences in fire history (fire type (wild or
prescribed), years since the most recent fire, and inter-fire interval) among vegetation types
and interval groups. | also compared environmental attributes (slope, aspect, mean annual
rainfall, total rainfall in the 24 months post fire (total rain), and mean annual temperature)
among vegetation types and interval groups. These results guided the selection of predictor

variables in subsequent analyses.
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5.3.7.2 Derived habitat types

I used Principal Component Analysis (PCA) in SPSS version 25 (SPSS: IMB Corp. 2017)
to derive a smaller number of biologically meaningful habitat types from the habitat
variables at a site scale and at quadrat scale (Table 5.2). Data were logio transformed prior

to analyses when required.

The assumptions for PCA were considered to be met if at least one correlation
coefficient was >0.3, the overall Kaiser-Meyer-Olkin measure was >0.7, and Bartlett’s test
of sphericity was statistically significant (P <0.05). Principal components with eigenvalues

>1 were considered for retention.

5.3.7.3 Predictors of differences in habitat

To test for variability in the response of vegetation to fire regimes at different scales and in
different vegetation types I analysed data at the site scale and at the finer scale of quadrat. |
used Generalised Linear Modelling (GLMs) using the ‘glm’ function in R (R Core Team
2021) to examine the extent to which habitat at a site level was predicted by vegetation
type, fire history, and environmental factors. Predictors were selected from among the
variables vegetation type, interval group and the environmental and fire attributes listed in
Table 2.10 and interactions among these. Response variables were the principal
components and eight individual habitat variables that were not well-incorporated into the
principal components. Some of the response variables may influence the amount or quality
of habitat (e.g., the number of tree stems) and as such were used as predictor variables in
some of the models. As fire management is prescribed at the formation rather than the class
level, models were also fitted excluding vegetation type to investigate the influence of the

level that vegetation is considered.
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Generalised Linear Mixed Models (GLMMs) in R (R Core Team 2021) using the
‘Imer’ function from the ‘lme4’ package (Bates et al. 2015) were used to assess the extent
to which quadrat-level habitat principal components were predicted by vegetation type, fire
history and environment. The ‘lmerTest” package (Kuznetsova et al. 2017) was used to
derive the degrees of freedom and p-values for mixed models using transect and site as
random effects. Predictors were selected from among the variables vegetation type,
interval group, and the environmental and fire variables listed in Table 2.10. The Poisson
family was used for models of habitat variables that were count data, and binomial for
variables that were presence/absence. The conditional and marginal R? values were
calculated using the ‘r.squaredGLMM’ function from the “MuMIn’ package (Barton 2020).

For both GLM and GLMM, model selection was based on Akaike Information
Criterion (AIC) values. The preferred model was the one with significant predictor
variable(s) and the lowest AIC value. Any models with significant predictor variables and
with an AIC value not more than two points higher than the preferred model were also

reported.

5.3.7.4 Proximal similarity among sites

| used spatial autocorrelation to test if habitat variables and principal components at sites
had a geographically driven pattern irrespective of vegetation types and fire history. Spatial
autocorrelation uses a matrix of geographical distances between sites to determine a
correlation among values of an attribute weighted by their locational proximities (Diniz-
Filho et al. 2003). A positive correlation represents similarity in values for geographically
nearby sites, and a negative correlation for contrasting values (Legendre 1993).

Spatial autocorrelation was analysed using the Moran’s I Autocorrelation Index

(‘Moran.I” in the ‘ape’ package (Paradis and Schliep 2019) in R (R Core Team 2021)).
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Table 5.2. Habitat types used by fauna groups

Habitat types with the relevance to particular fauna groups and literature sources providing

evidence for grouping.

Habitat type

Fauna
habits/behaviour/use

References

Ground Cover
(0-50 cm)

Logs and
coarse woody
debris

Log hollows

Tree hollows

Tree stems

Tree canopy

Litter foraging and
nesting tied to low
vegetation density or
leaf litter

Species using or
avoiding logs and
woody debris for
nesting, shelter, and
basking

Species using or
avoiding logs and
woody debris for
foraging, nesting, and
shelter

Hollow using species
with varying breeding
and shelter
requirements

Species using or
avoiding dense canopy
foliage and vertical
complexity

Species using or
avoiding dense canopy
foliage and vertical
complexity

Insects: Lassau and Hochuli 2004; Blaum et
al. 2009

Birds: Wilson 1974; Ford et al. 1986;
Watson et al. 2002

Mammals: Barnett et al. 1978, Catling and
Burt 1995; Catling et al. 2000

Reptiles: Lunney et al. 1991; Brown 2001

Birds: Noske 1985; Watson et al. 2002
Mammals: Barnett et al. 1978
Reptiles: Garden et al. 2007

Mammals: Christensen et al. 1984
Reptiles: Nichols and Bamford 1985

Bats: Tidemann and Flavel 1987; Lunney et
al. 1988

Birds: Saunders et al. 1982; Noske 1985;
Luck 2002

Mammals: Lindenmayer et al. 1991; Pausas
et al. 1995; Goldingay 2012

Bats: Lumsden et al. 2002; Adams et al.
2009

Birds: Recher et al. 1985; Ford et al. 1986;
Mac Nally 1990; Pearce 1996

Mammals: Pausas et al. 1995; Munks et al.
1996; Soderquist and Mac Nally 2000
Reptiles: Lunney et al. 1991

Insects: Oliver et al. 2000

Reptiles: Greenberg 2001; Webb et al. 2005;
Pike et al. 2011

Bats: Law 1993; Adams et al. 2009

Birds: Recher 1969; Watson et al. 2002;
Tassicker et al. 2006

Insects: York 2000
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Habitat type

Fauna
habits/behaviour/use

References

Habitat
diversity: tree

Habitat
diversity:
shrub layer

Low shrub to
lower part of
canopy

Species presence
correlated with lateral
or vertical complexity,
and diversity of tree
and bark types

Species using or
avoiding dense low-
level lateral cover, or
requiring a range of
sheltered and open
habitats

Species using or
avoiding dense low-
level lateral cover, or
require a range of
sheltered and open
habitats

Bats: Lunney et al. 1998

Birds: Wilson 1974; Recher et al. 1985; Ford
et al. 1986; Mac Nally 1990; Watson et al.
2002

Mammals: Pausas et al. 1995; Munks et al.
1996; Soderquist and Mac Nally 2000

Reptiles: Bonnet et al. 2016

Mammals: Bennett 1993; Fisher 2001; Le
Mar and McArthur 2005; Swan et al. 2009;
Fitzgibbon et al. 2010

Insects: York 2000; Blaum et al. 2009
Birds: Wilson 1974, Watson et al. 2002
Bats: Bringham et al. 1997; Rainho et al.
2010

Mammals: Fisher 2001; Le Mar and
McArthur 2005; Di Stefano et al. 2009;
Swan et al. 2009

Birds: Wilson 1974; Watson et al. 2002
Bats: Brown et al. 1997; Adams et al. 2009
Reptiles: Brown 2001
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5.4 Results

5.4.1 Underlying differences among vegetation types and inter-fire interval

groups

There were apparent differences in environmental factors and fire history among the
vegetation types and interval groups (Figure 5.1a-d; Figure 5.2a-h)). In addition, the
majority (45) of the most recent fires were prescribed and only nine were wild and the
number of wildfires was not evenly spread through the interval groups (Figure 5.3).
Therefore, | considered it important to account for fire history and environmental factors as

predictors of the variation in habitat in subsequent analyses.

5.4.2 Derived habitat types

The Principal Component Analysis reduced 85 variables (Table 2.9) to 58 in 17 principal
components (PC) for site level and six for the quadrat level, relating to the habitat types
listed in Table 5.2 (Table 5.3). These PCs and six attributes were used as response

variables in subsequent analyses.
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Figure 5.1 Comparison among Southern Tablelands (ST), Sydney Hinterland (SH), and

Western Slopes (WS) Dry Sclerophyll Forests and interval groups (Below: less than

minimum recommended interval; Within: the recommended interval; Above: longer than

recommended interval) for time since the most recent fire (a and b); and years between the

most recent fire and the fire before (Interval) (c and d). The horizontal middle line

represents the median value, the shaded box represents the central 50% of data and the

lines represent the lower and upper 25% of data. Circles designate outliers >1.5 times the

interquartile range from the upper or lower quartile
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Figure 5.2 Comparison of slope, mean annual rainfall (MAR), total rainfall recorded in the

24 months post-fire (total rainfall) and mean annual temperature (MAT) among vegetation

types (a, ¢, e, g; Southern Tablelands (ST), Sydney Hinterland (SH), and Western Slopes

(WS)) and interval groups (b, d, f, h; Below: less than minimum recommended interval;

Within: the recommended interval; Above: longer than recommended interval). The

horizontal middle line represents the median value, the shaded box represents the central

50% of data and the lines represent the lower and upper 25% of data. Circles designate

outliers >1.5 times the interquartile range from the upper or lower quartile
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Figure 5.3 For the most recent fire at each site, the number that were prescribed (black) or

Below ST
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wild (grey) in each combination of vegetation type (Southern Tablelands (ST), Sydney
Hinterland (SH), and Western Slopes (WS) Dry Sclerophyll Forests) and interval groups
(Below: less than minimum recommended interval; Within: the recommended interval;

Above: longer than recommended interval)
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Table 5.3. Principal components derived from habitat variables

For each habitat type at the site scale and the quadrat scale: the principal component (PC)

name used in analyses; the habitat variables used to derive the PC; the proportion of each

variables variance that is accounted for and the direction of the correlation; and the total

variance explained by the PC. HAG = height above ground

Habitat  Principal Habitat variables used Extraction  Variance
type Component explained
SITE SCALE
Ground  GndCovl(S) Mean % veg 20-50cm (5 m) 0.938 56%
Cover Mean % veg 0-20 cm (5 m) 0.936
(0-50 Mean % veg 0-20 cm (2 m) 0.930
cm) Mean % veg 20-50cm (2 m) 0.928
Mean height near surface layer  0.594
Mean % cover plants 0.303
GndCov2(S) Mean weight dried leaf litter 0.847 21%
Mean % cover leaf litter 0.840
Mean % cover plants at ground  -0.718
level (<20 cm)
Logsand LogCWD1(S) Maximum HAG (CWD) 0.946 48%
coarse Mean HAG (CWD) 0.938
woody
debris
(CWD)
Total volume CWD (cm®) 0.586
LogCWD2(S) Total length log above ground 0.921 25%
Total volume logs (cm?) 0.809
Maximum HAG (logs) 0.695
Total volume CWD (cm®) 0.424
Log LogHol1(S) Total no. hollow logs 0.989 86%
hollows Total no. hollows in logs 0.983
Total no. hollows <15 cmin logs 0.948
Total volume logs (cm?) 0.762
Tree TreeHol1(S) Total no. trees with hollows 0.967 64%
hollows No. hollow size groups 0.958
No. hollows <15 cm 0.865
No. hollows >15 cm 0.845
Tree TreeStem1(S)  Diameter at breast height (1.3 m; 0.948 58%
stems DBH) of largest live tree
No. trees >60 cm DBH 0.888
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Habitat  Principal Habitat variables used Extraction  Variance
type Component explained
Mean DBH 0.839
No. DBH size groups 0.709
TreeStem2(S)  Total basal area dead trees 0.982 26%
DBH of largest dead tree 0.977
No. DBH size groups 0.371
Tree TreeCanl(S) Mean tree height 0.947 70%
canopy Height of tallest tree 0.868
Height lowest live canopy or 0.661
epicormic growth
Habitat ~ TreeDiv1(S) Std. dev. mean DBH 0.880 41%
diversity Std. dev. mean basal area 0.873
- tree No. trees >60 cm DBH 0.772
No. DBH size groups 0.735
TreeDiv2(S) No. trees with epicormic 0.915 22%
Mean height epicormic 0.887
No. DBH size groups 0.367
TreeDiv3(S) No. tree species 0.917 17%
No. bark types 0.902
Habitat ~ ShrubDiv1(S) Coefficient of Variation (CV) 0.903 51%
diversity mean % veg 0.5-1m (2m)
—shrub CV mean % veg 1-1.5m (2 m) 0.837
layer CV mean % veg 20-50cm (2 m) 0.738
CV mean % veg 0.5-1m (5m) 0.611
CV mean % veg 1-1.5m (5 m) 0.400
ShrubDiv2(S)  CV mean % veg 0-20cm (5 m) 0.937 19%
CV mean % veg 0-20cm (2 m) 0.811
CV mean % veg 20-50cm (5m)  0.749
CV mean % veg 1-1.5m (5 m) -0.556
Low LowShrub1(S) Mean % veg 0.5-1m (2 m) 0.946 34%
shrub to Mean % veg 1-1.5m (5 m) 0.938
lower Mean % veg 0.5-1m (5 m) 0.921
part of Mean % veg 1-1.5m (2 m) 0.911
canopy Total range of near surface 0.651
lelevated/intermediate
Height difference between mid-  -0.409
canopy and canopy
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Habitat  Principal Habitat variables used Extraction  Variance
type Component explained
LowShrub2(S) Mean height epicormic growth ~ 0.875 26%
No. trees with epicormic 0.818
Height difference mid-canopy -0.679
and canopy
Height shortest tree -0.542
Height lowest live canopy or -0.511
epicormic growth
LowShrub3(S) Mean length of basal regrowth 0.969 13%
Total length of basal regrowth 0.967
Height lowest live canopy or -0.474
epicormic growth
QUADRAT SCALE
Ground  GndCovl1(Q) Mean % veg 20-50cm (5 m) 0.889 45%
Cover Mean % veg 0-20 cm (2 m) 0.889
(0-50 Mean % veg 0-20 cm (5 m) 0.874
cm) Mean % veg 20-50cm (2 m) 0.861
Mean height near surface layer  0.410
GndCov2(Q) Mean % cover leaf litter 0.795 18%
Mean weight dried leaf litter 0.721
Mean % cover plants -0.688
Logsand Logl(Q) Total length scorched logs 0.899 73%
coarse Mean length scorched logs 0.866
woody
debris
Total volume logs (cm?) 0.859
Total length log above ground 0.834
Maximum HAG (logs) 0.811
Low LowShrub1(Q) Mean % veg 0.5-1m (2 m) 0.934 33%
shrub to Mean % veg 1-1.5m (5 m) 0.917
lower Mean % veg 0.5-1m (5 m) 0.876
part of Mean % veg 1-1.5m (2 m) 0.871
canopy : .
LowShrub2(Q) Height of lowest live canopy or  -0.858 27%
epicormic growth
No. trees with epicormic 0.835
Mean height epicormic growth 0.780
Height difference mid-canopy 0.768
and canopy
Height difference canopy 0.749
LowShrub3(Q) Total length of basal regrowth 0.956 13%
Mean length of basal regrowth 0.956
Highest tree scorching 0.408
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5.4.3 Predictors of differences in habitat

Vegetation type was the most common predictor overall and was a significant predictor for
most models for both the site and quadrat level (Table 5.4; Table 5.5). By comparison,

interval group was a significant predictor for only three of the models, all at a site scale.

5.4.3.1 Ground Cover

The best ranked model used vegetation type and the total number of stems on a site to
explain GndCov1(S) (Table 5.4). This indicated denser low (<50cm) vegetation cover in
Southern Tablelands and Sydney Hinterland than Western Slopes but no difference
between Southern Tablelands and Sydney Hinterland (Table 5.4; Table 5.3; Cohen’s effect
size: Western Slopes vs Sydney Hinterland d = -0.8; Figure 5.4). There was a slight
decrease of shrub cover with an increasing number of stems (Table 5.4; Figure 5.4)
however, there was not a strong effect for total stems. The second-best ranked model used
vegetation type and the total volume of logs on a site to explain GndCov1(S), which
increased with increasing total volume of logs (Table 5.4; Figure A4.1). The best ranked
model excluding vegetation type used mean annual rainfall (MAR) and longitude and
showed GndCov1(S) increasing with increasing MAR and being highest in eastern NSW

(Figure A4.2).

At a quadrat level, vegetation type best explained GndCov1(Q) indicating
significantly less dense low (<50 cm) shrub cover in Western Slopes than Southern
Tablelands and Sydney Hinterland but no difference in Southern Tablelands and Sydney
Hinterland (Table 5.4; Table 5.3; Cohen’s effect size: Western Slopes vs Sydney
Hinterland: d = -1.09; Figure 5.5). The total volume of logs on a quadrat was also a strong

predictor when added to the model and showed low shrub cover increasing with increasing
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total volume of logs (Table 5.5; Figure A4.3). The best ranked model excluding vegetation
type used longitude to explain GndCov1(Q) which was highest in eastern NSW (Table 5.5;

Figure A4.4).

Mean annual rainfall and longitude best explained GndCov2(S), indicating
increased leaf litter and decreased plant cover on the ground with increasing rainfall and in
the east (Table 5.4; Figure A4.5). At a quadrat level, vegetation type interacting with fire
type, plus latitude, the total number of logs, and the total number of stems best explained
GndCov2(Q). This indicates greater cover and mass of leaf litter and less plant cover at
ground level in northern NSW and with increasing number of logs and stems (Table 5.5;
Figure A4.6). There was no distinguishable impact of a prescribed fire among vegetation
types, but GndCov2(S) was significantly lower in Western Slopes after a wildfire (Table
5.5). The best ranked model excluding vegetation type used the total number of tree stems
to best explain GndCov2(Q) which increased with increasing stems (Table 5.5; Figure

A4T).

5.4.3.2 Logs and coarse woody debris (CWD)

The best-ranked model used fire interval groups, mean annual rainfall, and mean tree DBH
to explain LogCWD1(S) and showed volume and height above ground of coarse woody
debris increasing with increasing mean annual rainfall and decreasing with increasing
mean tree DBH. Volume and height above ground of coarse woody debris was greatest in
sites below recommended intervals but decreased significantly in sites within
recommended intervals. There was a marginal decrease in height above ground and
volume of coarse woody debris for sites with time between fires longer than the

recommended interval (Table 5.4; Figure 5.6).
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Figure 5.4 Effect plots for the preferred GLM for the principal component GndCov1(S):
(a) vegetation type (mean + SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS
= Western Slopes); and (b) the number of tree stems on a site. Explanations of principal

components are in Table 5.3

Vegetation type best explained LogCWD2(S) indicating a greater volume and
length of logs in Southern Tablelands than in Sydney Hinterlands (Table 5.4; Table 5.3;
Cohen’s effect size: Sydney Hinterlands vs Southern Tablelands: d = -1.1; Figure A4.8).
The second best-ranked model used mean annual temperature and showed volume and
length of logs decreasing with increasing temperature (Table 5.4; Figure A4.9). Vegetation
type also best explained Log1(Q) at a quadrat level indicating the volume, height and
scorch length of logs was lower in Southern Tablelands but similar in Sydney Hinterland

and Western Slopes (Table 5.5; Table 5.3; Cohen’s effect size: Western Slopes vs Southern
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Tablelands: d = -0.3; Figure A4.10). The second best-ranked model used mean annual
temperature and showed Log1(Q) decreasing with increasing temperature (Table 5.5;

Figure A4.11).

0.5 -

0.0 B

GndCov1{Q)

SH ST WS
Vegetation Type

Figure 5.5 Effect plots for the preferred GLMM for the principal component GndCov1(Q)
showing vegetation type (mean £ SE; SH = Sydney Hinterlands, ST = Southern
Tablelands, WS = Western Slopes) as the best predictor. Explanations of the principal

components are in Table 5.3

Vegetation type and fire type with an interaction, plus TreeStem2(S) best explained
the total volume of logs, indicating increased volume of logs with increased humbers of
DBH size classes and basal area of dead trees. There were no significant impacts of a
wildfire detected however, the volume of logs was significantly lower in Sydney
Hinterlands and Western Slopes than Southern Tablelands when the most recent fire was a
prescribed fire (Table 5.4; Figure 5.7). The proportion of logs with scorching on a site was

best explained by latitude, which increased from north to south (Table 5.4; Figure A4.12).
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The total length of scorched logs decreased with increasing mean annual temperature

(Table 5.4; Figure A4.13).
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Figure 5.6 Effect plots for the preferred GLM for the principal component LogCWD1(S):
(a) interval group (Interval_Gp: (below) = below minimum recommended intervals;
interval (within) = within recommended intervals; interval (above) = above recommended
intervals); (b) mean annual rainfall (MAR; mm); and (c) the mean DBH of trees on a site

(mm). Explanations of the principal components are in Table 5.3
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Figure 5.7 Effect plots for the preferred GLM for the total volume of logs (cm?®) on a site:
(a) TreeStem2(S); and (b) fire type (p = prescribed, w = wild) and an interaction with
vegetation type (mean = SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS =

Western Slopes). Explanations of the principal components are in Table 5.3

5.4.3.3 Hollows in logs and trees

Vegetation type and an interaction with interval groups, plus mean annual rainfall and
mean annual temperature best explained LogHol1(S) which decreased with increasing
rainfall and temperature. Log volume and number of hollows in logs were lower in Sydney
Hinterlands and marginally so in Western Slopes than in Southern Tablelands sites in the
below and within recommended interval sites. However, log volume and number of
hollows in logs increased in Sydney Hinterland and Western Slopes and decreased in
Southern Tablelands as the time between fires increased to above the recommended
interval (Table 5.4; Figure A4.14). The best model excluding vegetation type included only

the total basal area of dead trees to explain LogHol1(S) (Table 5.4; Figure A4.15). The best
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model used the total basal area of live trees to explain the likelihood of a large (>15 cm)
log hollow on a site indicating increased presence of large log hollows with increasing

basal area (Table 5.4; Figure A4.16).

Vegetation type, mean annual temperature, and the number of DBH size classes best
explained TreeHol1(S) which decreased with mean annual temperature and increased with
increasing variation in DBH of trees. The model also indicates that number of hollows and
the variation in sizes of hollows differed among vegetation types and were less in Sydney
Hinterlands and Western Slopes than in Southern Tablelands (Table 5.4; Table 5.3;
Cohen’s effect size: Western Slopes vs Southern Tablelands d = 1.5; Figure A4.17). The
best-ranked model excluding vegetation type used mean annual temperature only and
showed TreeHol1(S) decreasing with increasing temperature (Table 5.4; Figure A4.18).
The best predictor of the likelihood of a large (>15 cm) tree hollow on a site used mean
annual temperature only and showed a decreased likelihood with increasing temperature

(Table 5.4; Figure A4.19).

5.4.3.4 Tree stems and canopy

The best-ranked model to explain TreeStem1(S) used vegetation type with larger trees and
number of DBH size classes in Sydney Hinterland and lower in Southern Tablelands than
Western Slopes (Table 5.4; Table 5.3; Figure A4.20). The best ranked model excluding
vegetation type used mean annual temperature to explain TreeStem1(S) which decreased

with increasing temperature (Table 5.4; Figure A4.21).

Vegetation type best explained TreeStem2(S) indicating basal area and DBH of
dead trees and the number of DBH size classes were significantly lower in Sydney
Hinterlands than Southern Tablelands and Western Slopes (Table 5.4; Table 5.3; Cohen’s

effect size: Sydney Hinterlands vs Southern Tablelands d = -0.8; Figure A4.22). The
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second-best ranked model used mean annual rainfall and showed TreeStem2(S) decreasing
with increasing rainfall (Table 5.4; Figure A4.23). No models supported fire or
environmental effect variables as predictors of TreeStem2(S). The best model to explain
the likelihood of large trees (DBH > 60cm) on a site used vegetation class with
significantly fewer large trees in Sydney Hinterland than Southern Tablelands or Western
Slopes (Table 5.4; Cohen’s effect size: Sydney Hinterland vs Southern Tablelands d = -0.8;

Figure A4.24).

The best-ranked model used vegetation type and an interaction with the total
rainfall recorded from 2013-2020, and total tree basal area to explain TreeCan1(S), which
increased with increasing total tree basal area and decreased significantly in Sydney
Hinterlands and Western Slopes but increased slightly but not significantly in Southern

Tablelands with increasing total rainfall (Table 5.4; Figure A4.25).

Fire type was the best predictor of the proportion of stems with scorching on a site, with
significantly more scorched stems after wildfire than prescribed (Table 5.4; Figure A4.26).
Adding interval group to the model showed a significant decrease in the proportion of
scorched stems in the within recommended interval sites compared to the below
recommended interval sites, but a slight increase as the interval between fires moved to

above the recommended intervals (Table 5.4; Figure A4.27).

5.4.3.5 Tree and shrub diversity

Vegetation type best explained TreeDiv1(S), indicating a greater variation in tree DBH and
basal area in Southern Tablelands than Sydney Hinterlands and Western Slopes but no
difference between Sydney Hinterlands and Western Slopes (Table 5.4; Table 5.3; Cohen’s

effect size: Sydney Hinterlands vs Southern Tablelands d = 7.7; Figure A4.28). The
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second-best ranked model used mean annual temperature (P = 0.023) and showed

TreeDiv1l decreasing with increasing temperature (Table 5.4; Figure A4.29).

Vegetation type and an interaction with the total number of scorched stems and
mean annual rainfall best predicted TreeDiv2(S), which decreased with increasing rainfall.
This model indicates that number of DBH size classes and epicormic growth were
significantly lower on Sydney Hinterlands than Southern Tablelands and Western Slopes.
TreeDiv2(S) increased with the number of scorched stems in Sydney Hinterlands and
Western Slopes but not significantly so in Western Slopes and did not change in Southern
Tablelands (Table 5.4; Figure A4.30). No models supported fire or environmental effect

variables as predictors of TreeDiv2(S).

Vegetation type best explained TreeDiv3(S) which was similar in Southern
Tablelands and Western Slopes but significantly higher in Sydney Hinterlands (Table 5.4;
Figure A4.31). The best-ranked model excluding vegetation type used mean annual rainfall
to explain TreeDiv3(S) indicating increased tree species number and number of bark types

with increasing rainfall (Table 5.4; Figure A4.32).

The best-ranked model used mean annual rainfall to explain ShrubDiv1(S), which
decreased with increasing rainfall (Table 5.4; Figure A4.33). The second best-ranked
model used vegetation type and an interaction with fire type and mean annual rainfall and
showed a decrease with increasing rainfall. The effects of a prescribed fire were
distinguishable in Southern Tablelands but not in Western Slopes and Southern Tablelands.
The effects of a wildfire were distinguishable only in Southern Tablelands (Table 5.4;
Figure 5.8). The best model predicting ShrubDiv2(S) showed increase with increasing

volume and height above ground of logs (LogCWD2(S)) (Table 5.4; Figure A4.34).
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The best-ranked model to explain LowShrub1(S) used TreeStem2(S) and mean
annual rainfall. This model showed a decrease in LowShrub1(S) with increase in
TreeStem2(S) (number of DBH size classes and basal area), but an increase with
increasing rainfall (Table 5.4; Figure A4.35). The second-best ranked model used rainfall
and showed an increase in LoswShrub1(S) with increasing rainfall (Table 5.4; Figure
A4.36). At a quadrat level, vegetation type best described LowShrub1(Q) and was
significantly higher in Southern Tablelands but similar in Western Slopes and Sydney
Hinterland (Table 5.5; Figure A4.37). The best-ranked model excluding vegetation type
used mean annual rainfall and showed an increase with increasing rainfall (Table 5.5;

Figure A4.38).

The total number of scorched stems and mean annual temperature best explained
LowShrub2(S), which increased as the number of scorched stems increased and decreased
with increasing temperature (Table 5.4; Figure A4.39). At a quadrat level, the best-ranked
model used the total number of scorched stems to explain LowShrub2(Q), which increased
as the number of scorched stems increased (Table 5.5; Figure A4.40). Adding vegetation
type to the model increased the AIC by 1.33 points and showed LowShrub2(Q) was
significantly lower in Sydney Hinterlands than Southern Tablelands and Western Slopes

(Table 5.5; Figure A4.41).

Fire type best explained LowShrub3(S) indicating the heights of basal regrowth and
the lower part of the canopy were greater after wildfire than prescribed, however the effect
was only marginal (Table 5.4; Table 5.3; Cohen’s effect size: prescribed vs wild d =-0.7;
Figure 5.9). At a quadrat level, fire type also best explained LowShrub3(Q) which was

significantly higher after a wildfire than a prescribed (Table 5.5; Table 5.3; Figure A4.42).
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Figure 5.8 Effects plot for the alternate GLM for ShrubDiv1(S): (a) mean annual rainfall
(MAR, mm); and (b) fire type (p = prescribed, w = wild) interacting with vegetation type
(mean £ SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes).

Explanations of the principal components are in Table 5.3
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Figure 5.9 Effect plot for the preferred GLM for LowShrub3(S) showing fire type (p =
prescribed, w = wild) as the best predictor. Explanations of the principal components are in

Table 5.3

Although fire type did not have a strong effect in most models, there was a large
variance around the mean for many of the response variables. Apparent differences in
variance between wild and prescribed fires were mostly accounted for by a difference in
sample size (n = 9 for wildfire; n =45 for prescribed). However, there was a greater
variation in the total volume of logs on a site after wildfire than after prescribed fire
(Levene’s test for homogeneity of variances: F15,=8.773, P = 0.005; Figure 5.10). For the
remaining habitat types and variables, there was no significant differences in the variance

associated with the mean for wild and prescribed fires (Levene’s test: P >0.05).
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Interval groups (below, within, above recommended interval) was only a significant
predictor in three of the best-ranked models at a site level and no models at a quadrat level
(Table 5.4; Table 5.5). Using the actual number of years between the most recent fire and
the fire before (actual value of inter-fire interval) was not a significant predictor in any of
the models. Aspect, slope, and hydrological soils groups were not included as predictors of

habitat types or variables in any of the best-ranked models.

Transect as a random effect in the GLMM models accounted for at most three
orders of magnitude less than the contribution of site, and as such | excluded transect as an

effect.
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Prescribed Wild
Fire type

Figure 5.10 The variation in values around the mean (+2 SE) for the total volume of logs

at a site after a prescribed or wildfire
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5.4.4 Proximal similarities among sites

There were spatial correlations for six habitat types or variables, demonstrating that values
for those variables were more similar in sites that were geographically close, but not
necessarily in the same vegetation type. Four habitat types and variables representing
ground and low shrub cover showed positive spatial correlations: GndCov1(S),
GndCov2(S), ShrubDiv1(S), and total volume of logs. Two habitat types representing
hollows showed positive spatial correlations: LogHol1 and TreeHol1. The remaining

habitat types were not spatially correlated (Table 5.6).
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Table 5.4. Generalised Linear Model output at site level

GLM fixed effects results for each habitat type at a site level showing the relationship with the strongest environmental or fire history predictor,

the adjustment to the intercept for vegetation type or predictor variable, the null and residual deviance, and the amount of variance explained by

the model (R?). Fire type W = wildfire; Fire type P = prescribed fire; interval (below) = below minimum recommended intervals; interval

(within) = within recommended intervals; interval (above) = above recommended intervals; vegetation types: ST = Southern Tablelands

(reference for vegetation type); SH = Sydney Hinterlands; WS = Western Slopes. MAR = mean annual rainfall; MAT = mean annual

temperature; DBH = diameter at breast height (1.3 m). Explanations of principal components are in Table 5.3

Habitat Types Estimate SE Df tvalue P Null Residual R?
deviance deviance
Ground cover
GndCovl(S) Intercept 2.150 1.028 31.823 2.092 0.042 53 31.8 0.40
SH 0.261 0.275 0.947 0.348
WS -1.053 0.267 -3.942 <0.001
Total stems -1.282 0.665 -1.920 0.056
GndCovl(S) Intercept -6.239 2.840 30.987 -2.197 0.033 53 309 0.38
(A AIC +1.45) SH 0.864 0.333 2.594 0.012
WS -0.793 0.279 -2.848 0.006
Total volume logs 0.755 0.332 2.273 0.027
GndCovl(S) Intercept -2.053 0.570 42.006 -3.603 <0.001 53 42 0.21
(A AIC +11) MAR 0.003 <0.001 3.689 <0.001
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Habitat Types Estimate SE Df tvalue P Null Residual R?
deviance deviance
GndCov2(S) Intercept -7.105 2.001 36.702 -3.542 <0.001 53 37 031
MAR -2.001 6.001 -4.234 <0.001
Longitude 4.091 1.035 3.624 <0.001

Logs and CWD

LogCWD1(S) Intercept (below) 2.668 1.727  36.779 1.545 0.129 53 37 031
Interval (within) -0.816 0.289 -2.823 0.007
Interval (above) -0.560 0.290 -1.932 0.059
MAR 0.002 0.001 2.735 0.009
Mean DBH -2.584 1.123 -2.300 0.026
LogCWD2(S) Intercept 0.404 0.225 46.515 1.797 0.078 53 47 0.12
SH -0.846 0.318 -2.659 0.011
WS -0.367 0.318 -1.152 0.255
LogCWD2(S) Intercept 2.037 0.983 48.887 2.073 0.043 53 49 0.08
(A AIC +0.68) MAT -0.094 0.045 -2.092 0.041
Total volume of logs  Intercept 8.460 0.081 4714 10.234 <0.001 <0.001 <0.001 0.43
SH -0.457 0.120 -3.802 <0.001
WS -0.227 0.117 -1.946 0.058
Fire type W 0.321 0.202 1.587 0.119
TreeStem2 0.103 0.050 2.043 0.047
SH * Fire type W -0.442 0.289 -1.532 0.132
WS * Fire type W -0.466 0.284 -1.639 0.108
Proportion of logs Intercept -1.349 0.471 1.369 -2.864 0.006 2.4 1.9 0.20
with scorching Latitude -0.064 0.014 -4554  <0.001
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Habitat Types Estimate SE Df tvalue P Null Residual R?
deviance deviance
Total length of Intercept 4.568 0.291 4290 15.691 <0.001
scorched logs MAT -0.010 0.013 -3.082 0.003 110256 100404 0.09
Hollows in logs and trees
LogHol1(S) Intercept 2.725 0.809 26.279 3.370 0.002 53 23 0.56
SH -1.571 0.449 -3.497 0.001
WS -1.331 0.493 -2.697 0.010
Interval (within) -0.140 0.447 -0.312 0.756
Interval (over) -0.833 0.459 -1.814 0.077
MAR -0.002 0.001 -2.700 0.010
MAT -0.117 0.049 -3.201 0.003
SH * Interval (within) 0.314 0.635 0.494 0.624
WS * Interval (within) 0.269 0.635 0.424 0.673
SH * Interval (above) 1.383 0.639 2.163 0.036
WS * Interval (above) 1.793 0.645 2.781 0.008
LogHol1(S) Intercept -0.023 0.017 48.662 -1.362 0.179 53 49 0.08
(A AIC +22) Total basal (dead) <0.001 <0.001 2.153 0.036
Large log hollows Intercept -0.001 7.054 69.789 -1.843 0.065 13 12 0.09
(>15 cm) Total basal area <0.001 <0.001 2.067 0.039
TreeHol1(S) Intercept -0.098 1.118 22.457 -0.088 0.930 53 21 0.60
SH -0.724 0.268 -2.696 0.010
WS -0.571 0.283 -2.021 0.049
MAT -0.116 0.040 -2.897 0.006
No. DBH size classes 4.472 1.108 4,037 <0.001
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Habitat Types Estimate SE Df tvalue P Null Residual R?
deviance deviance

TreeHol1(S) Intercept 4.181 0.840 35.676 4980 <0.001 53 36 0.33

(A AIC +22) MAT -0.193 0.038 -5.025 <0.001

Large tree hollows Intercept 6.433 2.844  70.047 2.262 0.024 12 11 0.08

(>15 cm) MAT -0.263 0.126 -2.094 0.036

Tree stems and canopy

TreeStem1(S) Intercept 0.612 0.216 42.844 2.834 0.007 53 43 0.19
SH -0.948  0.306 -3.104  0.003
WS -0.888  0.306 -2909  0.005
TreeStem1(S) Intercept 2217 0975 4813 2273  0.027 53 48 0.09
(A AIC +4.3) MAT -0.102  0.044 -2.294  0.026
TreeStem2(S) Intercept 0.202  0.212 41355 0.950  0.347 53 41 0.22
SH -0.844  0.300 -2.811  0.007
WS 0.239  0.300 0.795  0.430
TreeStem2(S) Intercept 1.921 0579 43369 3.319  0.002 53 43 0.18
(A AIC +0.57) MAR -0.002 <0.001 -3.398  0.001
Large (DBH > Intercept 0.693 0500 66.715 1.386  0.166 13 13 0.03
60cm) trees SH -1.946  0.756 -2.574  0.010
WS -0.916  0.689 -1.329 0.184
TreeCanl(S) Intercept -6.690 2953 35994 -2.265  0.028 53 35 0.34
SH 2,708  1.337 2.025  0.049
WS 4.181 1.970 2122  0.039

Williamson 2021 189



Chapter Five

Habitat Types Estimate SE Df tvalue P Null Residual R?
deviance deviance

Total rain 2013-2020 <0.001 <0.001 1.014 0.316

Total basal area 1.396 0.675 2.068 0.044

Total rain 2013-2020 * SH -0.001 <0.001 -2.253 0.029

Total rain 2013-2020 * WS -0.001 <0.001 -2.120 0.039
Proportion of stems  Intercept 0.156 0.010 0.250 15.133 <0.001 3 2.7 0.11
with scorching Fire type W 0.061 0.025 2.407 0.020
Proportion of stems  Intercept 0.181 0.016 0.230 11.146 <0.001 3 25 0.18
with scorching Fire type W 0.071 0.026 2.737 0.009
(A AIC +0.74) Interval (within) -0.048 0.023 -2.038 0.047

Interval (above) -0.030 0.023 -1.392 0.170

Tree and shrub diversity

TreeDiv1(S) Intercept 0.535 0.222 45.105 2.411 0.019 53 45 0.15
SH -0.873 0.314 -2.785 0.008
WS -0.731 0.314 -2.330 0.024
TreeDiv1(S) Intercept 2.260 0.973 47.939 2.322 0.024 53 48 0.10
(A AIC +1.3) MAT -0.104 0.044 -2.343 0.023
TreeDiv2(S) Intercept -1.847 1.479 3485 -1.242 0.221 53 35 0.34
SH 3.651 1.504 2.427 0.019
WS 1.237 1.469 0.842 0.404
Scorched stems 2.985 1.091 2.737 0.009
MAR -0.002 <0.001 -2.204 0.032
SH * Scorched stems -2.784 1.278 -2.178 0.034
WS * Scorched stems -1.146 1.290 -0.889 0.379
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Habitat Types Estimate SE Df tvalue P Null Residual R?
deviance deviance
TreeDiv3(S) Intercept -0.294 0.217 43.301 -1.354 0.182 53 43 0.18
SH 0.089 0.307 2.909 0.005
WS -0.011 0.307 -0.036 0.971
TreeDiv3(S) Intercept -1.322 0.612 48.443 -2.160 0.035 53 48 0.09
(A AIC +4.1) MAR 0.002 <0.001 2.212 0.031
ShrubDiv1(S) Intercept 2.705 0.512 33.920 5.282 <0.001 53 34 0.36
MAR -0.003 0.001 -5.408 <0.001
ShrubDiv1(S) Intercept 1.542 0.724  28.776 2.128 0.039 53 29 0.46
(A AIC +1.1) SH 0.193 0.302 0.639 0.526
WS 0.711 0.327 2.172 0.035
Fire type W 1.104 0.498 2.218 0.031
MAR -0.002 0.001 -2.844 0.007
SH * Fire type W -1.015 0.702 -1.445 0.155
WS * Fire type W -0.916 0.708 -1.293 0.202
ShrubDiv2(S) Intercept -7.000 1.025 43.910 0.000 1.000 53 44 0.17
LogCWD?2 4.014 1.026 3.281 0.002
LowShrub1(S) Intercept -1.804 0.591 36.603 -3.051 0.004 53 37 031
TreeStem2 -0.252 0.129 -1.957 0.056
MAR 0.002 0.001 3.110 0.003
LowShrub1(S) (A Intercept -2.287 0.551 39.353 -4.148 <0.001 53 39 0.26
AIC +1.9) MAR 0.003 0.001 4,247 <0.001
LowShrub2(S) Intercept 0.802 1.052  45.460 0.763 0.449 53 45 0.14
No. scorched stems 1.039 0.467 2.226 0.030
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Habitat Types Estimate SE Df tvalue P Null Residual R?
deviance deviance
MAT -0.090 0.044 -2.048 0.046
LowShrub3(S) Intercept -0.117 0.145 49.275 -0.809 0.422 53 49 0.07
Fire Type 0.705  0.356 1.983  0.053
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Table 5.5. Generalised Linear Mixed Model output at quadrat level

GLMM fixed effects results for each habitat type (including variance due to site as a random effect and residual variance) at a quadrat level
showing the relationship with the strongest environmental or fire history predictor, the adjustment to the intercept for vegetation type or
predictor variable, the amount of variation explained by individual quadrats within a site (R?m) and the variance explained by the total model
(R%c). Fire type W = wildfire; fire type P = prescribed fire; interval (below) = below minimum recommended intervals; interval (within) =
within recommended intervals; (above) = above recommended intervals; vegetation types: ST = Southern Tablelands; SH = Sydney

Hinterlands; WS = Western Slopes

Habitat types Estimate SE DF Tvalue P R’m R?c
Ground cover
GndCovl1(Q) Intercept 0.129 0.141 50.254 0.912 0.366 0.186 0.471
(0.291, 0.540) SH 0.319 0.199 50.254 1.599 0.116

WS -0.726 0.200 50.719 -3.628  <0.001
GndCovl1(Q) Intercept -0.152 0.171 100.218 -0.888 0.377 0.198 0.484
(0.294, 0.529) SH 0.387 0.201 51.585 1.920 0.060
(A AIC +0.1) WS -0.728 0.200 50.764 -3.630  <0.001

Total volume logs 0.043 0.015 401.084 2.928 <0.001
GndCovl1(Q) Intercept -48.129 14.991 51.743 -3.211 0.002 0.087 0.471
(0.393, 0.539) Longitude 0.321 0.100 51.741 3.210 0.002

(A AIC +11.7)
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Habitat types Estimate SE DF Tvalue P R’m RZc
GndCov2(Q) Intercept 10.224 3.18 46.849 3.279 0.002 0.227 0.599
(0.387, 0.417) SH * fire type P -0.002 0.258 47.259 -0.009 0.993

WS * fire type P -0.268 0.346 46.849 -0.775 0.442

ST * fire type W 0.391 0.420 46.866 0.931 0.357

Latitude 0.318 0.090 46.760 3.552 <0.001

No. logs 0.271 0.125 390.399 2.170 0.031

No. tree stems 0.710 0.128 390.333 5.538 <0.001

SH * fire type W -0.526 0.594 46.971 -0.886 0.380

WS * fire type W -1.664 0.597 46.926 -2.789 0.008
GndCov2(Q) Interaction -0.421 0.131 119.840 -3.224 0.002 0.039 0.578
(0.536, 0.420) No. tree stems 0.711 0.129 390.591 5.523 <0.001
(A AIC +3.7)
Logs
Logl(Q) Intercept 0.256 0.114 51.000 2.236 0.030 0.046 0.175
(0.131, 0.834) SH -0.526 0.162 51.000 -3.254 0.002

WS -0.241 0.162 51.000 -1.489 0.143
Logl(Q) Intercept 1.520 0.491 51.999 3.098 0.003 0.042 0.172
(0.130, 0.834) MAT -0.070 0.022 51.999 -3.126 0.003
(A AIC +0.7)
Shrub diversity
LowShrub1(Q) Intercept -0.191 0.144 50.240 -1.330 0.189 0.154 0.404
(0.197,0.779) SH 0.687 0.200 48.725 3.433 0.001

WS -0.235 0.206 53.661 -1.136 0.261
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Habitat types Estimate SE DF Tvalue P R’m RZc
LowShrub1(Q) Intercept -1.813 0.372 52.197 -4.878  <0.001 0.153 0.382
(0.228, 0.614) MAR 0.002 0.0004 50.625 4939  <0.001
(A AIC +8.6)
LowShrub2(Q) Intercept -0.592 0.166 266.292 -3.564  <0.001 0.046 0.296
(0.255, 0.607) No. scorched stems 1.219 0.296 306.446 4.125 <0.001
LowShrub2(Q) Intercept -0.287 0.210 163.541 -1.368 0.173 0.092 0.313
(0.229, 0.479) SH -0.461 0.198 46.631 -2.326 0.024
(A AIC +1.3) WS -0.350 0.205 51.659 -1.706 0.094

No. scorched stems 1.151 0.296 304.830 3.890 <0.001
LowShrub3(Q) Intercept -0.095 0.088 52.258 -1.085 0.283 0.031 0.227
(0.253, 0.712) Fire type 0.454 0.207 47,571 2.194 0.033
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Table 5.6. Spatial correlations of habitat types among sites

Results of spatial autocorrelation analyses for each principal component and habitat

attribute analysed

Habitat Observed Expected SD P

GndCovl 0.178 -0.019 0.069 0.004
GndCov2 0.204 -0.019 0.071 0.002
LogCWD1 -0.012 -0.019 0.072 0.919
LogCWD?2 0.021 -0.019 0.071 0.577
LogHol1l 0.226 -0.019 0.072 <0.001
TreeHoll 0.210 -0.019 0.072 0.002
TreeSteml 0.041 -0.019 0.072 0.406
TreeStem?2 0.045 -0.019 0.071 0.367
TreeCanl 0.034 -0.019 0.071 0.459
TreeDivl 0.055 -0.019 0.072 0.308
TreeDiv2 -0.057 -0.019 0.070 0.586
TreeDiv3 0.099 -0.019 0.072 0.100
ShrubDiv1 0.215 -0.019 0.071 <0.001
ShrubDiv2 -0.004 -0.019 0.061 0.813
LowShrubl 0.097 -0.019 0.072 0.107
LowShrub?2 -0.058 -0.019 0.071 0.577
LowShrub3 -0.002 -0.019 0.073 0.812
Total volume of logs 0.187 -0.019 0.072 0.004
No. scorched logs 0.115 -0.019 0.072 0.062
Log hollows >15¢cm 0.070 -0.019 0.073 0.223
Trees DBH > 60 cm -0.044 -0.019 0.073 0.732
No. of stems with scorching 0.096 -0.019 0.071 0.105
No. trees with hollows -0.070 -0.019 0.065 0.429
Tree hollows >15cm -0.040 -0.019 0.073 0.770
No. basal stems -0.028 -0.019 0.072 0.898
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5.5 Discussion

In this study | have used habitat variables measured in the years immediately after a fire
but with differing interval to the next fire to investigate the relative influence of vegetation
type, fire history, and environmental factors on fauna habitat. Although the three
vegetation classes examined here were similar in structure and physiognomy, it was the
floristic and fine-scale structural differences in the vegetation types that were the greatest
drivers of variation in habitat. Characteristics of the most recent fire and the interval to the
next fire did not have as strong an effect on habitat as vegetation type. The fire type (wild
versus prescribed) which may be a surrogate for intensity of the most recent fire (Sawyer et
al. 2018) was one of the best predictors for variation in the landscape for some habitat
types.

Understanding how habitat responds to the fire regime at different scales, and
whether differences in responses are driven by fire history or environmental factors are
critical for effective fire management and planning for biodiversity conservation (Driscoll
et al. 2010). Methods for defining appropriate fire intervals for ecologically sustainable fire
management often involve deriving minimum and maximum intervals based on life history
traits of broad plant functional groups (Richardson et al. 1994; Kenny et al. 2003; Pausas
et al. 2004; Burrows 2008; van Wilgen et al. 2011). Vegetation classification is commonly
hierarchical, with broad vegetation groups defined by structure and physiognomy at the top
level which can span large areas of varied topography and geology (Groves 1994; Keith
2004). These broad vegetation groups then become the basis for deriving and
implementing ecologically sustainable fire intervals for fire management (e.g., South
Africa: Kruger et al. 2006; NSW: Kenny et al. 2003; South Australia: Dept. Environment,

Water and Natural Resources 2013; Victoria: Cheal 2010).
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Within these broad vegetation groups are types of vegetation defined at a finer
scale based largely on floristic composition (Groves 1994; Keith 2004) which may differ in
environmental conditions such as soil types, topography, and climate. VVegetation and
habitat respond differently to fire spatially and temporally and at different scales (Pastro et
al. 2013), influenced by fine scale environmental gradients (Davies et al. 2012). Managing
for fauna at a broad scale considers fauna responses to variation in habitat at a structural
level, however as my results demonstrate, fine-scale floristic and structural differences in
vegetation account for more of the variation in habitat at a fine scale which may impact
fauna survival and recolonisation. For example, Callitris species, which are a dominant
canopy species in Western Slopes but not Sydney Hinterland or Southern Tableland DSFs,
rarely form hollows (Bennett et al. 1994) which may account for some of the difference in
tree hollow abundance among vegetation types.

Fire alters the structure of vegetation which can impact the suitability of habitat for
fauna species (Catling 1991; Fox 1982). Habitat suitability has been linked to time since
fire in many ecosystems (Fox 1982; Kelly et al. 2011; Watson et al. 2012) but can be
affected by other elements of the fire regime such as frequency (Collins et al. 2012;
Aponte et al. 2014), intensity (Shive et al. 2013), and inter-fire interval (Haslem et al.
2012; O’Loughlin et al. 2020). In the present study, fire did not have as strong an effect on
the variation in habitat as vegetation type. For some habitat types however (see Figures
5.7, 5.8; Figure A4.14), the impacts of fire differ among the vegetation types,
demonstrating habitat does not respond uniformly to fire history within a broad vegetation
group, which may reduce the suitability of habitat in parts of the landscape for fauna. For
example, my results demonstrate that for species requiring large log hollows for survival,

areas of Western Slopes DSFS may not be suitable habitat after shorter inter-fire intervals.
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Similarly, for species requiring high heterogeneity in the shrub layer, Sydney Hinterlands
and Southern Tablelands DSFS may provide less suitable habitat after a prescribed fire.

Whether a fire is wild or prescribed can impact habitat differently and trigger
differing post-fire vegetation trajectories (Sah et al. 2006). Variable effects on habitat after
a wildfire were expected as high severity fires can have lasting impacts on vegetation
(Schimmel and Granstrom 1996) and habitat (Collins et al. 2012) by simplifying habitat
structure (Catling et al. 2001) but can also trigger growth resulting in increasing structural
complexity in the understorey (Shive et al. 2013, present study). Prescribed fires are
usually of a lower intensity and patchier than wildfires (Catchpole 2002) which can result
in high spatial heterogeneity of the vegetation structure (Fuhlendorf et al. 2006). Results of
the present study indicate slightly greater structural heterogeneity of the understorey
vegetation in areas burnt by wildfire than prescribed fire (see Figure 5.8). However, the
effects of fire type in this case may have been muted by a lack of replication of sites where
the most recent fire was wild.

The inter-fire interval can have a strong effect on the availability of habitat (Weber
and Flannigan 1997; Haslem et al. 2012). Too-frequent fire can simplify the vegetation
cover and reduce the availability of important habitat attributes (Christensen et al. 1981;
Fox and Fox 1987; Tasker and Dickman 2004). Elements of the previous fires can
influence the post-fire vegetation recovery (Catling 1991; Gill and Catling 2002). In my
study, the increased scorching in the below minimum interval sites were one of the few
detectable effects of inter-fire interval and may be a legacy of previous fires as well as the
most recent fire. With more frequent fire resulting in increased scorching on trees as found
here, this may have negative impacts on habitat suitability (Croft et al. 2012; Bluff 2016).

Habitat such as tree hollows, fallen logs, dense cover, litter layers and greater

structural diversity have been shown to be more abundant in long-unburnt vegetation
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(Harmon et al. 1986; Kenny et al. 2003; Croft et al. 2016; Haslem et al. 2012), making
long-unburnt habitat disproportionately important for some species (Kelly et al. 2012;
Taylor et al. 2012; Nimmo et al. 2013). My results suggest that once fire burns a long-
unburnt site, the fact that it was long unburnt is less important in determining many habitat
attributes than finer-scale floristic and structural features (relating to vegetation type), and
climatic differences. For example, differences in shrub and mid-canopy densities between
vegetation types appears to be related to differences in species composition rather than the
inter-fire interval. The habitat attributes that were more important with a longer inter-fire
interval prior to the most recent fire related to the volume and structure of coarse woody
debris and the number of large hollows in logs, in keeping with other studies (Harmon et
al. 1986; Croft et al. 2016).

Although the vegetation types used here were chosen to maximise the availability
of fire history data, there was insufficient detail to test effects of season, intensity, and
interval between successive fires (see Chapter 2.5.1). Yet these are all elements of the fire
regime known to strongly influence fauna habitat (e.g., Nappi and Drapeau 2011; Aponte
et al. 2014; Fairman et al. 2016). These factors may account for some of the unexplained
variance in my models.

Given the large geographic area of the present study, environmental factors would
be expected to be strong drivers of variation in habitat. There are strong relationships
between topography, soils, climate, and vegetation structure and species composition
(Jones et al. 2008; Pausas and Bradstock 2007). Productivity, tree growth (Slatyer and
Ferrar 1977; Prior and Bowman 2014), and litter decomposition (Aerts 1997) vary with
temperature and rainfall at multiple scales which can influence important habitat features
such as ground cover, the abundance of hollow-bearing trees (Bennett et al. 1994) and

woody debris (Woodall and Liknes 2008, present study). Because climatic gradients are
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reflected in the inherent differences in composition and structure among the vegetation
types, environmental factors and vegetation type often provided equally parsimonious
models to predict habitat values. My results indicate while some habitat features (e.g., low
(<50 cm) ground cover, shrub cover and logs) are correlated on a larger scale, or driven by
environmental gradients, regardless of their vegetation type, for some habitat features a
strong localised correlation of values within a fine scale (e.g., habitat attributes used in the
ground cover PCs measured in quadrats within a site) account for much of the variation
explained by my modelling. These findings highlight the need to consider the impact of
local-scale environmental conditions when planning and managing with fire for

biodiversity outcomes.

5.6 Conclusions

Understanding the relative influence of fire history and environmental gradients on fauna
habitat and the scale at which they operate is critical for conserving biodiversity. My
results demonstrate that habitat varied among structurally similar vegetation types, which
may be due to differences in floristics and vegetation structure, and environmental
conditions linked to location. Characteristics of the most recent fire were not a strong
predictor of variation in habitat however, | demonstrate a weaker, but significant effect on
fauna habitat of time unburnt prior to a fire and whether the fire is wild or prescribed. |
found that the effects of fire may not be predictable as they vary among vegetation types
and for my study area of NSW, these effects were at a finer scale than that at which fire
management for biodiversity conservation is applied. Ground and low shrub cover, and
tree and log hollows showed geographically driven patterns irrespective of vegetation
types and fire history, suggesting local environmental factors may have a strong influence

on these habitat types.
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Chapter 6 General Discussion

Fire has a major influence in the distribution and structure of vegetation in many fire-prone
ecosystems across the world. Interactions between climate and environmental conditions
lead to varying fire patterns within different ecosystems (French et al. 2002; Flannigan et
al. 2005; Harris et al. 2008), which in turn can impact the structure and composition of the
vegetation in the landscape (Catling 1991; Gill and Allan 2008).

Fire can impact fauna indirectly through changes to the spatial patterns and
structure of vegetation, the composition of plant species, or the availability of resources
(Fox 1982; Letnic et al. 2004; Sitters et al. 2014). These indirect influences of fire on
habitat and resources vary at differing spatial (Wan et al. 2020) and temporal scales
(Watson et al. 2012), and the impacts on the structure, and hence suitability of habitat
increase in complexity with the overlapping of multiple fires in the landscape (Gill and
McCarthy 1998). Therefore, how fire is managed in any given landscape will have large
impacts on fauna habitat.

Fire management for biodiversity conservation often involves the derivation of
minimum and maximum intervals based on life history traits of broad functional groups of
plants (Richardson et al. 1994; Kenny et al. 2003; Pausas et al. 2004; Burrows 2008; van
Wilgen et al. 2011). However, fire intervals derived from the fire response of plant species
can fail to consider important elements such as fire intensity and the legacies of historic
fires (Di Stefano et al. 2013). The influence of interactions between the historic fire regime
and environmental factors on habitat characteristics at multiple scales is poorly understood
in many ecosystems (Driscoll et al. 2010). Fire regimes are often implemented with the
untested assumption that the needs of fauna will be met through plant diversity (Clarke

2008; Driscoll et al. 2010). The challenge then for fire management is defining the
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appropriate fire regime at the appropriate scale that ensures adequate resources for the
conservation of both flora and fauna biodiversity.

Fire is applied purposefully to the landscape for the protection of life and property,
wildfire management, to conserve biodiversity, and for land management such as
agricultural and forestry practices (Whelan 1995; Tran and Wild 2000; Andersen et al.
2005; Bartlett et al. 2007; Morgan et al. 2020). Critical to land management, strategic fire
planning, and ecological research are accurate fire histories (Hardy et al. 2001; Whelan
2009; Driscoll et al. 2010). Fire data are used to allocate resources, forecast fire danger,
prepare for wild and prescribed fires (McArthur 1966,1967), and modelling fire behaviour
(Bradstock et al. 2012). Accurate fire history also underpins critical ecological research to
determine the impacts of the various attributes of the fire regime on biodiversity (Morgan
et al. 2001; Driscoll et al. 2010) and thus to determine appropriate inter-fire intervals for
biodiversity conservation.

In Australia, fire authorities manage fire at a state and territory level and in the state
of NSW there are four main fire agencies responsible for fire management in vegetated
areas: the NSW Rural Fire Service (NSW RFS); NSW Fire and Rescue Service; NSW
National Parks and Wildlife Service, within NSW Department of Planning, Industry and
Environment (DPIE); and the NSW Forestry Corporation. Records of reported incidences
of wildfires, prescribed fires or hazard reduction works are stored as GIS spatial records
and maintained by the NSW RFS in a central database. There is a facility in this database
for records to contain information related to the timing of incidents, the authority
responsible, and fire intensity. This central agency is the primary source of fire history for
the state, and is used for fire planning and management, as well as for fire research and

managing for ecological conservation.

Williamson 2021 203



This thesis aimed to provide insights into how the fire history and fire management
may interact to affect fauna conservation in south-eastern Australia. | first quantified error
in the central database used for fire management and determined the extent to which data
quality would impact the planning and management of fire for biodiversity conservation. |
then quantified differences in distributions of time since fire among vegetation types,
examined if they followed predicted patterns, and looked at the relative correlations of land
management actions to distributions of time since fire. This led to the third phase of my
research where | investigated the extent to which fire history, vegetation type and
environmental factors predict fauna habitat in structurally similar but floristically diverse

vegetation types.

6.1 Fire History

Inappropriate fire regimes are a key threat to the habitat and persistence of many species
(Evans et al. 2011; Woinarski et al. 2015; Ward et al. 2020) and there is an urgent need to
understand the characteristics of the fire regime necessary for animals to persist, to enable
effective fire management for the conservation of biodiversity. This requires knowledge of
the fire history of the landscape, how fire regimes vary across landscapes, and how species
respond to different elements of the fire regime. As such, accurate fire history data are
essential to the planning and management of fire.

In Chapter Three of this thesis, | examined the fire history database of NSW and
assess how the quality of the stored fire data may affect the interpretation of fire history. In
doing so, | identified data quality issues including repeated records due to the merging of
multiple data sets, missing records and records missing information important to ecological
fire management such as fire intensity and the season of occurrence. | then tested for

variation in these over time and among vegetation types, and for differences in error
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between areas managed for biodiversity conservation and other areas. Data quality issues
found in the NSW fire history database are typical of spatial datasets globally (e.g.,
Egenhofer et al. 1994; Goldberg et al. 2008).

Each attribute of the fire regime can influence the recovery and structure of
vegetation and thereby the suitability of habitat (Abbott 1984; Griffiths and Christian 1996;
Coops and Catling 2000; Catling et al. 2001; Andersen et al. 2005; Watson et al. 2012),
and knowledge of the history and timing of each attribute is essential for future planning.
Information on the severity of historic fires for example, is of particular importance to
managing fire for ecological outcomes as the severity of the fire can drive changes in the
structure of habitat (Gordon et al. 2017), and the severity of the previous fire can influence
subsequent fire behaviour (Parks et al. 2014; Barker and Price 2018). Increased growth in
the understorey triggered by a high-severity fire can result in a subsequent high-severity
fire in some ecosystems (Holden et al. 2010; van Wagtendonk et al. 2012; Barker and
Price 2018) and conversely, low-severity fire can result in subsequent low severity fires
(Arkle et al. 2012). Detectable effects of fire severity may be still evident after multiple
successive fires and can lead to changes in the structure and composition of vegetation
(Barker et al. 2021) and thereby habitat. Fauna have been shown to respond to the post-fire
changes in vegetation structure and resources (Monamy and Fox 2000, 2010; Fox et al.
2003), and therefore the impacts of not only the most recent fire, but the cumulative
impacts of historic fires need to be considered when planning for future fires. This example
highlights the potential impacts of fire management for ecological outcomes with unknown
long-term fire history and illustrates the need for accurate long-term datasets including
information such as the intensity and season of historic fires.

An important finding of my research was that the NSW fire history database was

not a comprehensive list of fires; my systematic but not comprehensive search identified
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many fires not in the database, largely prior to the 1970s (see Chapter 3.3.1.1), but some
burnt large areas. This demonstrates that the spatial datasets are not a reliable source for
examining long-term trends in fire occurrence in NSW. | also found that these datasets
were of limited use for examining aspects of the historic fire regime and the impacts on
biodiversity due to the large portion of records missing key details such as a fire date that
would indicate season and a measure of intensity. The potential effect of the error in any
fire database is misinterpretation of fire trends (Short 2015; Syphard and Keeley 2016) and
management decisions being made with unknown levels of uncertainty (Openshaw 1989).
Despite the lack of detailed knowledge in the fire history of NSW, land managers are
required to make decisions about fire management where the impacts of their decisions on
the fire regime could be deleterious to biodiversity if based on incorrect data (Stephens and
Ruth 2005). My findings can help to advise land management agencies and database
operators of the temporal and spatial constraints of the current fire history records.

The limitations of the NSW fire history database are consistent with other fire
databases around the world (Pereira et al. 2011; Kraaij et al. 2013; Short 2014; Syphard
and Keeley 2016). In the present study, the lack of accurate fire history in the NSW
database highlights the limited area of NSW with sufficient fire history to conduct detailed
research on the impacts of the fire regime on biodiversity, leading to uncertainty in how to
interpret the identified changes in fire history over time, and also differences among

vegetation types (discussed below).

Williamson 2021 206



6.2 Variation in distributions of time since fire among

vegetation types

In Chapter Four of this thesis, | used the NSW fire history database to examine the
variation among, and predictors of distributions of time since fire for the extant vegetation
in NSW. | demonstrated that distributions vary greatly among vegetation types at a
landscape scale, but do not follow predicted patterns of longer time between fires in wetter
vegetation types. | determined that previous fire history, environmental factors, and land-
use were strong predictors of distributions in the landscape. | also showed that distributions
are skewed to relatively shorter times since fire than if the full range of times described in
the fire management guidelines were being achieved. One possible explanation for this is
the possible conflicting pressures for fire agencies to reduce the risk of wildfire through
hazard reduction burning whilst also using fire for maintaining ecological outcomes,
outlined below.

Prescribed burning is implemented in a range of ecosystems globally (Van Dyke et
al. 2004; Ascoli et al. 2009; Clark et al. 2020). Land management agencies use prescribed
burning to actively manage fuel loads with the goal of protecting life and property by
minimising the severity of wildfires (Fernandes and Botelho 2003; Morgan et al. 2020).
Prescribed burning is also used to achieve biodiversity conservation goals (Bradstock et al.
1995; Richards et al. 1999; Haines et al. 2001) such as minimising the risk of extinctions
(Bradstock et al. 1995). In south-eastern Australia, government inquiries into recent large-
scale fire events have resulted in calls to increase the amount of hazard reduction burning
(Teague et al. 2010).

Areas of the landscape that are managed to meet ecological outcomes can have a

wide diversity of times since fire. These areas can also have fire applied to contribute
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towards area burn targets (Office of Environment and Heritage 2013). This can result in
conflict between fire intervals required for asset protection and biodiversity conservation.
To meet the targets, sometimes these prescribed fires burn large areas of native vegetation
(NSW fire history database). This may lead to a skew to shorter intervals, similar to those |
have demonstrated in NSW (see Chapter 4.4), because the interval between fires required
to reduce fire risk is generally perceived to be shorter (Bradstock et al. 1998; Price and
Bradstock 2012) than those required for the persistence of biodiversity (e.g., Kenny et al.
2003). Too frequent fire can reduce the complexity, availability, and quality of habitat for
fauna (Aponte et al. 2014; Croft et al. 2016).

These land management actions leading to short inter-fire intervals can reduce the
amount of mid- to older-age vegetation in the landscape and the key habitat attributes such
as tree hollows, fallen logs and dense cover that have been found to be more abundant in
long-unburnt vegetation (Harmon et al. 1986; Kenny et al. 2003; Croft et al. 2016). Long-
unburnt vegetation has been found to be disproportionately important for some species in
different ecosystems (Geerts et al. 2012; Di Stefano et al. 2013; Kelly et al. 2015; Hale et
al. 2016). However, given the lack of historic fire records and the large areas of extant
vegetation in NSW with no fire history records, it is difficult to determine the extent to
which the skew to shorter times since fire and the variation among many of the vegetation
types in NSW is a result of poor fire history records. Care needs to be taken when
interpreting these results as it is likely that large areas of the state with no fire records in
the database have a time since fire above the maximum fire intervals.

A key finding of my research reported in Chapter Four was the variation in distributions of
time since fire among vegetation types at a local scale. VVegetation classes are a subset
within a formation and varied in distributions and were not the same as their overarching

formation (see Chapter 4.4.1). Variation in distributions among and within a vegetation
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formation was expected as fire regimes vary in the landscape due to differences in
topography, climate (Beaty et al. 2001; Hellberg et al. 2004; Flatley et al. 2011), soil and
geological features (Fensham and Kirkpatrick 1992; Keith 2011) and these factors can
interact locally. Fire management for ecological outcomes in NSW is implemented at the
level of vegetation formations, which can span large geographical areas (e.g., Dry
Sclerophyll Forests (grassy/shrubby sub-formation) which covers 4.9 million hectares of
NSW; Table 2.1) with differing topography, geology, and climate. Given the influence of
local-scale factors on fire distributions, my results suggest that fire management intervals
based on time since fire at a vegetation formation level may be too broad and overlook
local-scale differences in effects of fire. Local-scale differences are important because
vegetation and thereby habitat can respond differently to fire at multiple scales in the
landscape (see Chapter Five) and as such, local-scale factors need to be considered when

planning and implementing fire for biodiversity conservation.

6.3 Variation in habitat attributes among structurally similar

vegetation types

In Chapter Five of this thesis, | used a field-based study to investigate the impacts of fire
history, vegetation type, and environmental factors on habitat attributes, and the extent to
which they vary among vegetation types. A lack of adequate fire history for much of NSW
meant that sufficient replication of treatments across a large geographic range was only
achievable in one vegetation formation in NSW and in three classes within this formation.
Part of the grouping of these classes within a formation is broad structural similarity of the
dominant plant components. Vegetation classification is often hierarchical, and as in NSW,

grouped by common structural and functional features for which fire management for
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ecological outcomes are applied (e.g., South Africa: Kruger et al. 2006; NSW: Kenny et al.
2003; South Australia: Department of Environment, Water and Natural Resources 2013;
Victoria: Cheal 2010). The findings in this vegetation formation may well be applicable
more broadly to vegetation types both within NSW and globally.

My results in Chapter Five show that after a fire, vegetation was a better predictor
of the variation in most habitats than was fire history on a site, which could relate to
differences in floristics and fine scale structural differences. Although fire did not have as
strong an effect as vegetation type, for some habitat types the impacts of fire differed
markedly between vegetation types (e.g., logs, log hollows and the heterogeneity of the
understorey shrub layer) (see Chapter 5.3.3). However, my study was limited to only a
small number of aspects of the fire regime.

The lack of historic fire records for many of the sites in my study meant that | could
only determine one inter-fire interval and could only estimate the severity of the most
recent fire. Variations in combinations of fire severity and inter-fire intervals impact
vegetation structure, composition, and therefore habitat differently (Steel et al. 2021).
Successive fires at short intervals can result in changes in vegetation composition and
condition (Syphard et al. 2006; Lippitt et al. 2013) modifying fauna habitat (Weber and
Flannigan 1997; Haslem et al. 2012), fauna species composition (Andersen et al. 2005;
Smith et al. 2013), and persistence (Kiss and Magnin 2006). Long fire intervals can result
in changes to the structure and distributions of vegetation (Favier et al. 2004) and fauna
assemblages (Andersen et al. 2006) in the landscape. Therefore, variation in the spatial and
temporal arrangement of habitat can arise from the post-fire response of vegetation starting
from different baselines in terms of fire history. In this study | demonstrate that some
habitat types (e.g., the structure and volume of woody debris and hollows in logs; see

Chapter 5.3.3) vary between each inter-fire interval group. However, without knowledge of
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the intensity and timing of previous fires at each of the sites, | was unable to distinguish to
what extent the variation among the vegetation types was attributable to aspects of the
historic fire regime beyond those analysed. This further highlights the need for accurate
fire history for the planning and implementation of fire for ecological outcomes.

In Chapter Five | demonstrated that habitat varies in the landscape at a local scale,
predicted by local-scale environmental factors. | show that key habitat types important for
the persistence of fauna in the landscape such as ground cover, woody debris, and tree and
log hollows with similar fire histories did not have a uniform response among the
vegetation classes (see Chapter 5.3.3). Fire management practices designed for managing
plant species survival are based on predictable plant responses to fire at a formation-scale,
however my results demonstrate that the response of key fauna habitat attributes is not
predictable at this scale and fire management may need to be directed at a finer-scale than
that at which they are currently managed.

The post-fire recovery of fine-scale habitat is influenced by local environmental
and climatic conditions (Plavsic 2014) which can lead to different rates of recovery within
a landscape experiencing the same fire or between fire events (Monamy and Fox 2000).
Fauna responses to apparently similar fires have also been shown to vary between
locations (Nimmo et al. 2014). | was unable to distinguish how much of the variation in
habitat between vegetation types was due to the inherent differences in composition and
structure between the vegetation types, to fine scale climatic gradients, or to missing
historic fire information. However, | was able to demonstrate that each of these factors
influence some of the habitat types measured. My results also indicate some habitat
features (e.g., low (<50 cm) ground cover, shrub cover and logs) are correlated on a larger
scale, or driven by environmental gradients, regardless of their vegetation type. My

findings provide further evidence that fire management based on vegetation types grouped
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by structural similarities may be too broad to capture the subtle variation in habitat
attributes among vegetation classes. The impact of local scale environmental gradients
needs to be considered when planning and managing fire for ecological outcomes.

Fire management guidelines for appropriate fire regimes to conserve biodiversity
are often derived from plant vital attributes (Noble and Slatyer 1980; Kenny et al. 2003)
however rarely make reference to considerations for fauna (Clarke 2008). Fire intervals
derived from the fire response of plant species can result in an uneven distribution of
habitat at a local scale, as my findings demonstrate. My work adds to the growing body of
work that demonstrates that fire intervals derived based on flora-fire relationships are not
necessarily applicable to fauna (e.g., Haslem et al. 2012; Di Stefano et al. 2013; Hradsky et

al. 2017; O’Loughlin et al. 2020).

6.4 Conclusions

This thesis is an examination of fire history and fire management in the context of fauna
conservation in south-eastern Australia. A key finding of my work was that the examined
fire history data was less comprehensive than managers assumed. The lack of accurate fire
history data for fire attributes critical for biodiversity conservation management (fire
frequency, inter-fire interval, season, intensity) results in a limited ability to use the
database for the analysis of long-term responses of biota to fire regimes.

A priority for land and fire management agencies must be the improvement of the
quality of the fire history currently available and future data collection. A standardised data
collection and entry protocol for records into each fire history database would help to
eliminate many of the issues of error identified here and elsewhere (San-Miguel-Ayanz et
al. 2012; Short 2014). Ideally standard protocols should include checks for boundary and

attribute accuracy, the recording of the month and year of fire occurrence, type of fire
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(wild or prescription), and an intensity score. An attribute rating the reliability of each
record would allow for evaluation of data accuracy. Additionally, previously recorded fires
need to have their data reviewed to update missing attributes that may exist in physical
documentation, and unentered fires need to be catalogued to reduce the temporal biases |
have identified. Without accurate fire history data, we cannot fully understand
pyrodiversity-biodiveristy relationships.

A consequence of the uncertainty of the accuracy of the NSW and other fire history
databases around the world (e.g., Africa: Kraaij et al. 2013; Belhadj-Khedher et al. 2018;
North America: Kasischke et al. 2002; Short 2014; Syphard and Keeley 2016; Portugal:
Pereira et al. 2011; Australia: present study) is that fire intervals are derived and
implemented in the landscape for biodiversity conservation without a clear understanding
of the impacts of each element and the cumulative impacts of the fire regime on fauna. In
the present state, any further research to address these issues in NSW will be hampered by
large areas of extant vegetation with no fire records. A key step to resolving this issue will
be to obtain fire history records from a range of sources including remote sensing imagery,
historic maps, newspaper articles, incident reports, and even old documents accumulated in
rural fire sheds (e.g., Wittkuhn and Hamilton 2010; Belhadj-Kedher et al. 2018) to build a
more comprehensive fire database, thereby enabling the identification of areas of long-
unburnt vegetation and to quantify fire intervals. Remote sensing can and is being used to
retrospectively map fire extent and severity to develop more comprehensive fire history
data (e.g., severity and patchiness) and to augment existing fire history databases
(MccCarthy et al. 2017; Gibson et al. 2020; Teske et al. 2021). It was difficult in distinguish
how much of the variation in habitat between vegetation types was due to missing historic
fire information (e.g., fire severity) in this study. A more accurate history of fire severity

would help to reduce some of the uncertainty.
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The second key finding of my work was the variation in distributions of time since
fire and fauna habitat attributes at multiple scales in the landscape, driven by vegetation
types and local scale environmental and climatic factors. Impacts due to fire history were
overwritten by the most recent fire for many of the fauna habitat elements measured. Fire
management for ecological outcomes are derived and implemented in the landscape with
the assumption that the results from a regional or landscape scale are applicable to the local
scale. However, | have demonstrated that key habitat attributes do not respond uniformly
to fire history within a broad vegetation group.

The important findings from my thesis that land managers can begin to incorporate
into on-ground actions for fire management for biodiversity conservation would be to
manage each vegetation class as a separate habitat entity, taking into account fire history
and environmental and climatic gradients. Whilst it is not possible to collect fine-scale
vegetation structure data across large areas, some on-ground assessment within each
planned burn area is required after a wildfire given the large variation in some habitat
features when the most recent fire was wild.

In practice, fire management at a finer scale over large areas can be costly, time
consuming, and difficult to implement, particularly in the case of vegetation mosaics with
differing threshold requirements. Despite these challenges, such fine scale management is
imperative for conservation of threatened species and their key habitat attributes, as
demonstrated here, and has positive effects on many ecological processes (Bradstock et al.
2005). The challenge for scientists and fire managers is to identify a pragmatic balance
between the ideal fire regime to conserve biodiversity and what is practically achievable on
the ground.

In order to understand the impacts of the various elements of the fire regime in the

landscape we need an accurate baseline of habitat attributes from which to assess change.
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Given the lack of historic fire data, it is difficult to make inferences about the changes in
the availability of habitat attributes with differing spatial and temporal arrangements of fire
in the landscape. A useful step to identify the impacts of the various elements of the fire
regime and the timing of fires on fauna habitat would be to identify the distribution,
abundance, and quality of key habitat attributes in long unburnt vegetation in a range of
ecosystems and at a range of times since fire. This would help to quantify the direct
impacts of different configurations of the fire regime on habitat and better understand the
impacts of shorter fire intervals. This will also help to identify appropriate fire intervals for
the persistence of fauna in the landscape and enable predictions of the impacts of future

fire scenarios.
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Appendix 1: Supplementary materials for Chapter Two

For each attribute sampled in the pilot study, graphs of the mean, standard deviation and
95% confidence intervals per sample unit used to compare the ten alternative protocols to

the raw data (see Chapter 2.2.4).
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Figure Al.1 Mean total log length (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in blue,
alternatives in black (axis on different scales)

Williamson 2021 300



Appendix One

0.6

05

04

03

0.2

0.1

06

Mean number of trees
o

0.5

04

0.3

02

0.1

Site 1

08 | site2
05
04
0.3
0.2

0.1

09
0.8
0.7
06
® 0.5
04
0.3
02
0.1

0

-0.1

——

2l

9 10 1M 0 1
Alternative sampling protocols

2

8 9 10 11

Figure Al1.2 Mean number of trees (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in blue,

alternatives in black (axis on different scales)

Williamson 2021

301



Appendix One

25 4

Site 1 Site 2
T 35
2
3
15 _ . - 25
[ ]
1 . . 2 s
4 15 ®
[ ]
. 05 ° * | 1 [
3 o ] ] 05
2 0
g 03 05 !
S 1
s 0 1 2 3 4 5 6 7 8 9 10 1 o 1 2 3 4 5 6 7 8 9 10 11
O
£
2 % sites %91 Site 4
= T T 08
05
(D)
g 07
04 T T 0.6 B
T ® 05 - L T
03 ® o 0.4 T
. ® | . s | I
® 0.3 ® \ [
02
| 02 I 1
0.1 o l 1
0 1
0 .01
o 1 2 3 4 5 6 7 8 9 10 11 o 1 2 3 4 5 6 7 8 9 10 11

Alternative sampling protocols
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Figure A1.6 Mean ground cover plant (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in blue,
alternatives in black (axis on different scales)

Williamson 2021 305



Appendix One

Mean ground cover rocks

2 .
Site 1
15
1
05 ® ? .
0 .
-05
-1
-15
1 4 5 10 11
7
Site 3
6
5
4 ®
[ ]
3 ® ® |
2 [ ]
1
0
-1
-2
-3
0 1 2 4 5 10 11

Site 2

0.7
0.6
05
04
03
0.2
0.1
0
-0.1
-0.2
-0.3

Site 4

10 11

0

1 2

Alternative sampling protocols

10 1M1

Figure A1.7 Mean ground cover rocks (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in blue,
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Figure A1.8 Mean height near surface strata (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in blue,
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Figure A1.9 Mean height elevated strata (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in blue,

alternatives in black (axis on different scales)
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Figure A1.10 Mean height intermediate strata (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in
blue, alternatives in black (axis on different scales)
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Figure A1.11 Mean vegetation density 2 m (std dev. and 95% confidence intervals) at Sites 1 — 4, actual site data in red, option taken in blue,
alternatives in black (axis on different scales)
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Appendix 2: Supplementary materials for Chapter Three

Graphs of change points identified by each of the each of the seven change point methods
used (see Chapter 3.2.6) to test area burnt recorded in the database between 1902 and 2018
for each vegetation formation, the whole of NSW, and areas within NPWS Estate.
Additionally, a list of records of fires found in Trove newspaper archives not found in the

NSW fire database (see Chapter 3.3.2).
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Figure A2. 1 Results of the non-parametric Pettit single change point test for area burnt recorded in the database between 1902 and 2018 for:
(a) each vegetation formation; (b) NSW; and (c) NPWS Estate. All change points identified were statistically significant (P values between
<0.0001 - 0.007). Change point indicated by dotted line. DSF, Dry Sclerophyll Forest; Shrub, Shrublands; Wet., Wetlands; Wood,
Woodland; WSF, Wet Sclerophyll Forest
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Figure A2. 2 Change points identified by the parametric F-Statistic single change point test for area burnt recorded in the database between
1902 and 2018 for: (a) each vegetation formation; (b) NSW; and (c) NPWS Estate. DSF, Dry Sclerophyll Forest; Shrub, Shrublands; Wet.,
Wetlands; Wood, Woodland; WSF, Wet Sclerophyll Forest
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Figure A2. 3 Change points identified by the parametric Strucchange multiple change point test for area burnt recorded in the database
between 1902 and 2018 for: (a) each vegetation formation; (b) NSW; and (c) NPWS Estate. Change points indicated by dotted lines;
confidence intervals indicated by horizontal red line. DSF, Dry Sclerophyll Forest; Shrub, Shrublands; Wet., Wetlands; Wood, Woodland;

WSF, Wet Sclerophyll Forest
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Figure A2. 4 Change points identified by the non-parametric E-Divisive multiple change point test of area burnt recorded in the database
between 1902 and 2018 for: (a) each vegetation formation; (b) NSW; and (c) NPWS Estate. Change points indicated by dotted line. All
change points identified were statistically significant (P values between 0.005 — 0.04). DSF, Dry Sclerophyll Forest; Shrub, Shrublands; Wet.,
Wetlands; Wood, Woodland; WSF, Wet Sclerophyll Forest
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Figure A2. 5 Change points identified by the non-parametric Lepage multiple change point test for area burnt recorded in the database
between 1902 and 2018 for: (a) each vegetation formation; (b) NSW; and (c) NPWS Estate. Change points indicated by dotted line. DSF, Dry
Sclerophyll Forest; Shrub, Shrublands; Wet., Wetlands; Wood, Woodland; WSF, Wet Sclerophyll Forest
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Figure A2. 6 Change points identified by the non-parametric Mann-Whitney multiple change point test for area burnt recorded in the database
between 1902 and 2018 for: (a) each vegetation formation; (b) NSW; and (c) NPWS Estate. Change points indicated by dotted line. DSF, Dry
Sclerophyll Forest; Shrub, Shrublands; Wet., Wetlands; Wood, Woodland; WSF, Wet Sclerophyll Forest
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Figure A2. 7 Change points identified by the non-parametric Mood multiple change point test for area burnt recorded in the database between
1902 and 2018 for: (a) each vegetation formation; (b) NSW; and (c) NPWS Estate. Change points indicated by dotted line. DSF, Dry
Sclerophyll Forest; Shrub, Shrublands; Wet., Wetlands; Wood, Woodland; WSF, Wet Sclerophyll Forest
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Appendix Two

Records of fires found in Trove newspaper archive not found in NSW fire database
To determine the completeness of the fire datasets, a search of the online electronic newspaper archive of the National Library of Australia (Trove) was

conducted. All available electronic copies of 479 newspapers published in NSW between 1803 and 2009, using the search term ‘bush fire’
were searched to find potential articles. The criteria for inclusions were that fire occurred within 10 km of vegetation that was extant in 2018
(including on private property), and at least five hectares (or described as large, as not all articles cited fire size). A more systematic search
was undertaken for the two vegetation formations in western NSW where newspapers of towns that were settled in the 19" Century were
searched for reports of fires between 1800 and 1969. The first 100 articles per year (or all articles if fewer than 100 per year) from 1803 to
2009 were searched. If the fire occurred within an area that is currently zoned as NSW National Parks and Wildlife Service (NSW NPWS)

Estate, the name of the National Park was noted (Table S3).

Table A2. 1 Newspaper, year of publication and fire, location, vegetation formation and NPWS Estate of fires found in Trove from 1803 -
1969 not found in the database. NP = National Park; NR = Nature Reserve; RP = Regional Park; SCA = State Conservation Area

Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate

The Sydney Monitor 1836 Macleay River Wet Sclerophyll (Shrubby & Grassy)/Dry
Sclerophyll (Grassy)/Rainforests

The Sydney Monitor 1837 Brisbane Waters Dry Sclerophyll (Shrubby)/Saline Brisbane Waters
Wetlands/Heathlands/Wet Sclerophyll NP
(Grassy)/Freshwater Wetlands

The Sydney Herald 1839 Murray River Semi-arid Woodlands (Shrubby)/Grassy Murray Valley NP

Woodlands/Freshwater Wetlands
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate

The Sydney Herald 1842 Bathurst Dry Sclerophyll (Shrubby) Winburndale NR

Sydney Morning Herald 1842 Goulburn Dry Sclerophyll (Shrubby) / Grassy Woodlands

The Sydney Morning Herald 1842 Kempsey Wet Sclerophyll (Grassy)/Dry Sclerophyll

The Sentinel
Morning Chronicle

1845
1845

The Sydney Morning Herald 1846

The Sydney Morning Herald 1847

The Maitland Mercury and 1847
Hunter General River Advertiser

The Australian 1847
Sydney Chronicle 1847
Sydney Chronicle 1848
The Maitland Mercury and 1848
Hunter River General Advertiser

The Australian 1848
The Maitland Mercury and 1849

Hunter River General Advertiser
The Sydney Morning Herald 1849

Wollombi District
Maitland

Lower
Murrumbidgee

Maroota
Singleton District

Jerrys Plains
Hartley

Wollombi District
Tabulam

Dungog
Wollombi District

Berrima District

(Shrubby & Grassy)
Dry Sclerophyll (Grassy)

Wet Sclerophyll (Grassy)/Dry Sclerophyll
(Shrubby & Grassy))

Forested Wetlands

Dry Sclerophyll (Shrubby)
Dry Sclerophyll (Shrubby)

Dry Sclerophyll (Shrubby)/Grassy Woodlands

Wet Sclerophyll (Grassy)/Dry Sclerophyll

(Shrubby)

Dry Sclerophyll (Grassy)
Dry Sclerophyll (Grassy)/Wet Sclerophyll
(Grassy)/Wet Sclerophyll (Shrubby)

Wet Sclerophyll (Grassy & Shrubby)/Rainforests
Dry Sclerophyll (Grassy)

Dry Sclerophyll (Shrubby & Grassy)/Wet
Sclerophyll (Shrubby)

Yengo NP

Murrumbidgee
Valley
NP/Murrumbidgee
Valley SCA
Marramarra NP

Wollemi NP

Yengo NP

Yengo NP
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate

The Sydney Morning Herald 1849 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands

Goulburn Herald and County of 1851 Port Philip (Most of Al

Argyle Advertiser NSW)

The Sydney Morning Herald 1851 Berrima District Dry Sclerophyll (Shrubby & Grassy)/Wet
Sclerophyll (Grassy)

The Sydney Morning Herald 1851 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands

The People’s Advocate and 1851 Portland District Dry Sclerophyll (Shrubby)/Grassy Woodlands

New South Wales Vindicator

The Sydney Morning Herald 1853 Wollombi District Dry Sclerophyll (Grassy) Yengo NP

The Maitland Mercury and 1853 Singleton District Dry Sclerophyll (Shrubby)

Hunter General River Advertiser

The Goulburn Herald and 1853 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands

County of Argyle Advertiser

The Sydney Morning Herald 1853 Dungog District Wet Sclerophyll (Grassy & Shrubby)/Rainforests

The Sydney Morning Herald 1853 Cassilis District Wet Sclerophyll (Grassy)/Dry Sclerophyll Durridgere SCA
(Shrubby)

The Sydney Morning Herald 1854 Appin Dry Sclerophyll (Shrubby) Dharawal NP

Empire 1854 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands

The Sydney Morning Herald 1854 Wollongong to Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Illawarra

Botany Heads (Shrubby) Escarpment SCA
Sydney Morning Herald 1855 Yass Dry Sclerophyll (Shrubby) / Grassy Woodlands Mundoonen NR
Freeman’s Journal 1855 Portland District Dry Sclerophyll (Shrubby)/Grassy Woodlands
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate

The Sydney Morning Herald 1855 Mount Dry Sclerophyll (Shrubby)/Wet Sclerophyll Illawarra

Kembla/Wollongong (Shrubby) Escarpment SCA
District

Bathurst Free Press and Mining 1856 Wollombi District Dry Sclerophyll (Grassy) Yengo NP

Journal

The Goulburn Herald and 1857 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera

County of Argyle Advertiser Woodlands SCA/Kosciuzsko

NP

The Sydney Morning Herald 1857 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands

The Sydney Morning Herald 1857 Albury District Freshwater Wetlands/Dry Sclerophyll (Grassy)

Empire 1857 Burrendong Grassy Woodlands/Dry Sclerophyll (Grassy)

The Sydney Morning Herald 1858 Peel River Dry Sclerophyll (Grassy)

Empire 1858 Goulburn Dry Sclerophyll (Shrubby) / Grassy Woodlands

Sydney Morning Herald 1858 Yass Dry Sclerophyll (Shrubby) / Grassy Woodlands Mundoonen NR

Empire 1858 Tambaroora Dry Sclerophyll (Shrubby)/Grassy Woodlands

Empire 1858 Black Range Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Bournda NR
(Shrubby)/Grassy
Woodlands/Rainforests/Forested Wetlands

The Sydney Morning Herald 1858 Mount Rankin Grassy Woodlands/Dry Sclerophyll
(Grassy)/Freshwater Wetlands

The Maitland Mercury and 1858 Port Macquarie Wet Sclerophyll (Grassy & Shrubby)/Forested Woregore NR/Lake

Hunter River General Advertiser

District

Wetlands/Saline Wetlands

Innes
NR/Macquarie NR
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
The Maitland Mercury and 1858 Mangrove Creek Wet Sclerophyll (Grassy)/Dry Sclerophyll Dharug NP/Popran

Hunter River General Advertiser
The Armidale Express and New 1859

England Advertiser

The Sydney Morning Herald 1859
The Maitland Mercury and 1859
Hunter River General Advertiser

The Sydney Morning Herald 1859

Goulburn Herald

1860

The Sydney Morning Herald 1860

Goulburn Herald

Sydney Mail

1860

1861

The Sydney Morning Herald 1861

Bathurst Free Press and Mining 1861

Journal

The Maitland Mercury and 1861
Hunter River General Advertiser

The Maitland Mercury and 1862

Hunter River General Advertiser

Maitland Mercury and Hunter 1862
River General Advertiser

Tamwaorth District

Wellington
Fordwich

Goulburn District

Wheeo
Yass

Black Range

Tumut

Pomingalarma
Range, Wagga
Wagga
Wellington

Moonby Range
Mudgee

Howe’s Valley

(Shrubby)/Heathlands
Dry Sclerophyll (Grassy)

Dry Sclerophyll (Grassy)/Grassy Woodlands
Dry Sclerophyll (Shrubby & Grassy)

Dry Sclerophyll (Shrubby) / Grassy Woodlands

Dry Sclerophyll (Shrubby)
Dry Sclerophyll (Shrubby) / Grassy Woodlands

Dry Sclerophyll (Shrubby)/Wet Sclerophyll
(Shrubby)/Grassy
Woodlands/Rainforests/Forested Wetlands

Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands

Dry Sclerophyll (Grassy)/Grassy Woodlands

Dry Sclerophyll (Grassy)/Grassy Woodlands

Grassy Woodlands/Dry Sclerophyll (Shrubby &
Grassy)

Dry Sclerophyll (Grassy & Shrubby)

Dry Sclerophyll (Grassy & Shrubby) / Grassy
Woodlands

NP

Yengo
NP/Wollemi NP

Mundoonen NR

Bournda NR

Wereboldera
SCA/Kosciuzsko
NP

Avisford NR

Yengo
NP/Wollemi NP
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Maitland Mercury and Hunter 1862 Scone Dry Sclerophyll (Grassy) / Grassy Woodlands Scone Mountain
River General Advertiser NP
Empire 1862 Appin Dry Sclerophyll (Shrubby) Dharawal NP
The Maitland Mercury and 1862 Howe’s Valley Dry Sclerophyll (Shrubby) Yengo
Hunter River General Advertiser NP/Wollemi NP
Empire 1862 North Head and Dry Sclerophyll (Shrubby) / Heathlands Sydney Harbour
Middle Harbour NP
The Maitland Mercury and 1862 Illawarra Mountain Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Illawarra
Hunter River General Advertiser Ranges (Shrubby) Escarpment SCA
The Newcastle Chronicle and 1862 Port Stephens Forested Wetlands/Dry Sclerophyll Tomaree
Hunter River District News (Shrubby)/Saline Wetlands NP/Tilligerry NR
The Maitland Mercury and 1862 Moonby Range Grassy Woodlands/Dry Sclerophyll (Shrubby &
Hunter River General Advertiser Grassy)
Sydney Mail 1862 Braidwood District ~ Wet Sclerophyll (Shrubby)/Dry Sclerophyll Mongo NP/Mongo
(Shrubby) SCA/Tallaganda
SCA
The Monaro Mercury, and 1863 Snowy Plains Grassy Woodlands/Alpine Kosciuszko NP
Cooma and Bombala Advertiser
The Maitland Mercury and 1865 Mudgee District Dry Sclerophyll (Grassy & Shrubby) Avisford NR
Hunter River General Advertiser
The Tumut and Adelong Times 1865 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera
Woodlands SCA/Kosciuzsko
NP
The Maitland Mercury and 1865 Raymond Terrace Dry Sclerophyll (Grassy & Shrubby)/Wet Tilligerry SCA
Hunter River General Advertiser Sclerophyll (Grassy)
The Maitland Mercury and 1865 Bowling Alley Point  Dry Sclerophyll (Shrubby & Grassy)/Wet

Hunter River General Advertiser

Sclerophyll (Grassy)
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
The Goulburn Herald and 1865 Araluen Dry Sclerophyll (Shrubby & Grassy)/Wet Mongo NP
Chronicle Sclerophyll (Shrubby)
The Sydney Morning Herald 1865 Lower Forested Wetlands Murrumbidgee
Murrumbidgee Valley
NP/Murrumbidgee
Valley SCA
Sydney Morning Herald 1865 Murrumbidgee Forested Wetlands Murrumbidgee
Valley
NP/Murrumbidgee
Valley SCA
Freeman’s Journal 1865 Albury Freshwater Wetlands/Dry Sclerophyll (Grassy)
The Sydney Morning Herald 1865 Deniliquin Semi-arid Woodlands (Shrubby)/Grassy Murray Valley NP
Woodlands/Freshwater Wetlands
The Sydney Morning Herald 1866 Bega Dry Sclerophyll (Grassy)/Wet Sclerophyll Mimosa Rocks NP
(Shrubby)
Sydney Mail 1866 Sutton Forest Dry Sclerophyll (Shrubby & Grassy)/Wet Moreton NP
Sclerophyll (Grassy)
The Tumut and Adelong Times 1866 Adelong Dry Sclerophyll (Shrubby)/Grassy Woodlands Wereboldera
SCA/Kosciuzsko
NP
Empire 1867 North of the Dry Sclerophyll (Shrubby)/Wet Sclerophyll Cookbundoon NR
Wollondilly River (Grassy)
The Sydney Morning Herald 1867 Dungog Wet Sclerophyll (Grassy & Shrubby)/Rainforests
The Bega Gazette and Eden 1868 Bega District Dry Sclerophyll (Grassy)/Wet Sclerophyll Mimosa Rocks NP

District or Southern Coast
Advertiser

(Shrubby)
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate

The Maitland Mercury and 1868 Armidale Region Dry Sclerophyll (Shrubby & Grassy) Yina NR

Hunter River General Advertiser

The Sydney Morning Herald 1868 Emu Creek Dry Sclerophyll (Shrubby & Grassy)

The Newcastle Chronicle 1868 Wallsend Region Dry Sclerophyll (Shrubby & Grassy) Blue Gum Hills RP

Goulburn Herald and Chronicle 1868 Goulburn Dry Sclerophyll (Shrubby) / Grassy Woodlands

Queanbeyan Age 1868 Queanbeyan Dry Sclerophyll (Shrubby) / Grassy Woodlands Queanbeyan

NR/Cuumbeun NR

The Sydney Morning Herald 1868 Yass Dry Sclerophyll (Shrubby) / Grassy Woodlands Mundoonen NR

The Gundagai Times and 1868 Adelong Dry Sclerophyll (Shrubby)/Grassy Woodlands Wereboldera

Tumut, Adelong and SCA/Kosciuzsko

Murrumbidgee District NP

Advertiser

Empire 1868 Ulladulla District Dry Sclerophyll (Shrubby)/Wet Sclerophyl|
(Shrubby)

The Sydney Morning Herald 1868 Araluen Dry Sclerophyll (Shrubby & Grassy)/Wet Mongo NP
Sclerophyll (Shrubby)

The Goulburn Herald and 1868 Tuena Grassy Woodlands/Dry Sclerophyll (Shrubby) Razorback NR

Chronicle

The Kiama Independent, and 1868 Cambewarra Wet Sclerophyll (Shrubby)/Rainforests Cambewarra Range

Shoalhaven Advertiser NR

Gundagai Times 1869 Upper Adelong Dry Sclerophyll (Grassy) / Grassy Woodlands

Empire 1869 Twofold Bay Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Ben Boyd NP
(Shrubby)

Maitland Mercury and Hunter 1870 Wollombi range Dry Sclerophyll (Shrubby) Yengo NP

River General Advertiser
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate

Maitland Mercury and Hunter 1870 East Kempsey Dry Sclerophyll (Shrubby) / Wet Sclerophyll

River General Advertiser (Grassy)

The Maitland Mercury and 1871 Denman Dry Sclerophyll (Grassy & Shrubby)

Hunter River General Advertiser

Australian Town and Country 1871 Grenfell Dry Sclerophyll (Shrubby) Weddin Mountains

Journal NP/Conimbla NP

Wagga Wagga Advertiser and 1871 Narandera Forested Wetlands / Grassy Woodlands / Semi- Murrumbidgee

Riverine Reporter arid Woodlands (Shrubby) Valley NR

Australian Town and Country 1871 Sofala Forested Wetlands/Dry Sclerophyll (Grassy &

Journal Shrubby)/Grassy Woodlands

The Maitland Mercury and 1871 Murrurundi Grassy Woodlands/Wet Sclerophyll (Grassy) Murrurundi Pass

Hunter River General Advertiser NP

The Maitland Mercury and 1871 Brewarrina Semi-arid Woodlands (Shrubby &

Hunter River General Advertiser Grassy)/Grasslands

The Maitland Mercury and 1871 Kempsey Wet Sclerophyll (Grassy)/Dry Sclerophyll

Hunter River General advertiser (Shrubby & Grassy)

The Maitland Mercury and 1872 Boggabri Dry Sclerophyll (Shrubby & Grassy)/Grasslands

Hunter River General Advertiser

Australian Town and Country 1872 Braidwood Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Mongo NP/Mongo

Journal (Shrubby) SCA/Tallaganda

SCA

Wagga Wagga Express and 1872 Gillenbah Forested Wetlands Murrumbidgee

Murrumbidgee District Valley NP

Advertiser

The Maitland Mercury and 1872 Gunnedah Grassy Woodlands

Hunter River General Advertiser
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate

Australian Town and Country 1872 Bombala Grassy Woodlands/Dry Sclerophyll (Shrubby & Coolumbooka NR

Journal Grassy)/Wet Sclerophyll (Shrubby)

Wagga Wagga Advertiser and 1873 Pomingalarna Dry Sclerophyll (Grassy)/Grassy Woodlands

Riverine Reporter Ranges

Evening News 1873 Grenfell Dry Sclerophyll (Shrubby) Weddin Mountains
NP/Conimbla NP

Empire 1873 Murrumbidgee Forested Wetlands Murrumbidgee

District Valley

NP/Murrumbidgee
Valley SCA

The Maitland Mercury and 1874 Goorangoola Dry Sclerophyll (Grassy)/Wet Sclerophyll

Hunter River General Advertiser (Shrubby)

The Singleton Argus and Upper 1874 Glendon Brook Dry Sclerophyll (Grassy)/Wet Sclerophyll

Hunter General Advocate (Shrubby)/Rainforests

Goulburn Herald and Chronicle 1874 Gundaroo Dry Sclerophyll (Shrubby) / Grassy Woodlands McLeod’s Creek
NR

Evening News 1874 Queanbeyan Dry Sclerophyll (Shrubby)/Grassy Woodlands Queanbeyan
NR/Cuumbeun NR

The Monaro Mercury, and 1874 Wambrook Dry Sclerophyll (Shrubby)/Grassy Binjura NR

Cooma and Bombala Advertiser Woodlands/Grasslands

The Maitland Mercury and 1874 Scone District Grassy Woodlands/Dry Sclerophyll (Grassy) Scone Mountain

Hunter River General Advertiser NP

The Maitland Mercury and 1875 Wollombi District Dry Sclerophyll (Grassy) Yengo NP

Hunter River General Advertiser

Australian Town and Country 1875 Bega Dry Sclerophyll (Grassy)/Wet Sclerophyll Mimosa Rocks NP

Journal

(Shrubby)
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formation(s) Estate
The Maitland Mercury and 1875 Warialda Dry Sclerophyll (Shrubby & Grassy) Warialda SCA
Hunter River General Advertiser
Queanbeyan Age 1875 Gundaroo Dry Sclerophyll (Shrubby) / Grassy Woodlands McLeod’s Creek
NR
The Maitland Mercury and 1875 Inverell Dry Sclerophyll (Shrubby)/Heathlands Barayamal
Hunter River General Advertiser NP/Goonoowigal
NP
The Sydney Mail and New 1875 Blue Mountains Dry Sclerophyll (Shrubby)/Wet Sclerophyll Blue Mountains NP
South Wales Advertiser (Shrubby)
The Cumberland Mercury 1875 Blue Mountains Dry Sclerophyll (Shrubby)/Wet Sclerophyll Blue Mountains NP
(Shrubby)
Australian Town and Country 1875 Braidwood Dry Sclerophyll (Shrubby)/Wet Sclerophyll Mongo NP/Mongo
Journal (Shrubby) SCA/Tallaganda
SCA
Australian Town and Country 1875 Ulladulla Dry Sclerophyll (Shrubby)/Wet Sclerophyll
Journal (Shrubby)
Australian Town and Country 1875 Shoalhaven District ~ Wet Sclerophyll (Grassy & Jerrawangala
Journal Shrubby)/Heathlands/Dry Sclerophyll (Shrubby) NP/Conjola NP
The Gundagai Times and 1876 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera
Tumut, Adelong and Woodlands SCA/Kosciuzsko
Murrumbidgee District NP
Advertiser
Evening News 1876 Grafton Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands/Wet Sclerophyll (Shrubby)
The Newcastle Chronicle 1876 Raymond Terrace Dry Sclerophyll (Grassy & Shrubby)/Wet Tilligerry SCA
Sclerophyll (Grassy)
The Maitland Mercury and 1876 Bulga Mountain Dry Sclerophyll (Shrubby & Grassy) Wollemi NP

Hunter River General Advertiser
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Miner’s Advocate and 1876 Wallsend Dry Sclerophyll (Shrubby & Grassy) Blue Gum Hills RP
Northumberland Recorder
Newcastle Morning Herald and 1877 Braidwood Dry Sclerophyll (Shrubby)/Wet Sclerophyll Mongo NP/Mongo
Miner’s Advocate (Shrubby) SCA/Tallaganda

SCA
Evening News 1878 Grafton Dry Sclerophyll (Grassy & Shrubby)/Grassy

Woodlands/Wet Sclerophyll (Shrubby)

The Maitland Mercury and 1878 Hill End Dry Sclerophyll (Shrubby & Grassy)/Grassy
Hunter River General Advertiser Woodlands
Goulburn Herald and Chronicle 1878 Goulburn Dry Sclerophyll (Shrubby) / Grassy Woodlands
Evening News 1878 North Head Dry Sclerophyll (Shrubby) / Heathlands Sydney Harbour

NP
The Kiama Independent, and 1878 Mountains behind Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Illawarra
Shoalhaven Advertiser Wollongong (Shrubby) Escarpment SCA
The Sydney Morning Herald 1878 Albury Region Freshwater Wetlands/Dry Sclerophyll (Grassy)
The Kiama Independent, and 1878 Kangaroo Valley Wet Sclerophyll (Grassy & Kangaroo River
Shoalhaven Advertiser Shrubby)/Rainforests/Dry Sclerophyll (Shrubby) ~ NR
The Maitland Mercury and 1879 Denman Dry Sclerophyll (Grassy & Shrubby)
Hunter River General advertiser
The Maitland Mercury and 1879 Jerrys Plains Dry Sclerophyll (Shrubby)/Grassy Woodlands Wollemi NP
Hunter River General Advertiser
The Maitland Mercury and 1879 Murrurundi Grassy Woodlands/Wet Sclerophyll (Grassy) Murrurundi Pass
Hunter River General Advertiser NP
The Gundagai Times and 1880 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera

Tumut, Adelong and

Woodlands

SCA/Kosciuzsko
NP
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Murrumbidgee District
Advertiser
Newecastle Morning Herald and 1880 Wallsend Dry Sclerophyll (Shrubby & Grassy) Blue Gum Hills RP
Miner’s Advocate
The Maitland Mercury and 1880 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands
Hunter River General Advertiser
Queanbeyan Age 1880 Queanbeyan Dry Sclerophyll (Shrubby) / Grassy Woodlands Queanbeyan
NR/Cuumbeun NR
Evening News 1880 Cobar Semi-arid Woodlands (Shrubby & Grassy)/Arid
Shrublands (Acacia)
Newcastle Morning Herald and 1881 Aberdeen Dry Sclerophyll (Grassy)/Grassy Woodlands
Miner’s Advocate
The Sydney Morning Herald 1881 Toogong Dry Sclerophyll (Shrubby) South West
Woodland NR
The Monaro Mercury, and 1881 Bunyan Dry Sclerophyll (Shrubby) / Grassy Woodlands Binjura NR
Cooma and Bombala Advertiser
The Sydney Mail and New 1881 Yass Dry Sclerophyll (Shrubby) / Grassy Woodlands Mundoonen NR
South Wales Advertiser
The Sydney Mail and New 1881 Hanging Rock Grassy Woodlands/Wet Sclerophyll (Grassy)/Dry
South Wales Advertiser Sclerophyll (Grassy)
The Gundagai Times and 1882 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera
Tumut, Adelong and Woodlands SCA/Kosciuzsko
Murrumbidgee District NP
Advertiser
Newcastle Morning Herald and 1882 Teralba Dry Sclerophyll (Shrubby & Grassy)/Forested
Miner’s Advocate Wetlands
Goulburn Herald 1882 Collector Dry Sclerophyll (Shrubby)
Evening News 1882 Goulburn Dry Sclerophyll (Shrubby) / Grassy Woodlands
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Evening News 1882 Lithgow Dry Sclerophyll (Shrubby)/Wet Sclerophyll
(Grassy)/Heathlands

Evening News 1882 Canobolas Ranges Grassy Woodlands/Dry Sclerophyll Mount Canobolas

The Sydney Daily Telegraph 1883

Newcastle Morning Herald and 1883
Miner’s Advocate

Evening News 1884

Maitland Mercury and Hunter 1884
River General Advertiser

Bowral Free Press and 1884
Mittagong, Burrawang and

Kangaloon Advocate

Evening News 1884
Newcastle Morning Herald and 1884
Miner’s Advocate

The Maitland Mercury and 1884
Hunter River General Advertiser

Bowral Free Press and Berrima 1885
District Intelligencer

Goulburn Evening Penny 1885

The Armidale Express and New 1885
England General Advertiser

(seen form Blayney)
North Head

Moruya
Capertee

Paterson

Bowral and
Mittagong Regions

Appin

Yass and
Cootamundra
Port Macquarie
District

Mountains between
Bowral and
Mittagong

Black Ranges

Glen Innes

(Shrubby)/Wet Sclerophyll (Grassy)
Dry Sclerophyll (Shrubby) / Heathlands

Wet Sclerophyll (Grassy & Shrubby)/Dry
Sclerophyll (Shrubby)/Grassy Woodlands

Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands

Dry Sclerophyll (Grassy)

Dry Sclerophyll (Grassy) / Grassy Woodlands

Dry Sclerophyll (Shrubby)
Dry Sclerophyll (Shrubby) / Grassy Woodlands

Wet Sclerophyll (Grassy & Shrubby)/Forested
Wetlands/Saline Wetlands

Dry Sclerophyll (Grassy) / Grassy Woodlands

Dry Sclerophyll (Shrubby)/Wet Sclerophyl|
(Shrubby)/Grassy
Woodlands/Rainforests/Forested Wetlands

Grassy Woodlands/Dry Sclerophyll (Shrubby)

SCA

Sydney Harbour
NP
Eurobodalla NP

Gardens of Stone
NP/Turon NP

Dharawal NP
Mundoonen NR

Woregore NR/Lake
Innes
NR/Macquarie NR

Bournda NR
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formation(s) Estate
Newcastle Morning Herald and 1885 Moruya Wet Sclerophyll (Grassy & Shrubby)/Dry Eurobodalla NP
Miner’s Advocate Sclerophyll (Shrubby)/Grassy Woodlands
Corowa Free Press 1886 Tocumwal Forested Wetlands / Grassy Woodlands Murray Valley RP
The Riverine Grazier 1886 Tuppal Semi-arid Woodlands (Shrubby)/Grassy
Woodlands/Freshwater Wetlands
Corowa Free Press 1887 Corowa District Forested Wetlands Murray Valley NP
Evening News 1888 Mudgee District Dry Sclerophyll (Grassy & Shrubby) Avisford NR
The Australian Star 1888 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera
Woodlands SCA/Kosciuzsko
NP
The Sydney Morning Herald 1888 Mandemar Dry Sclerophyll (Shrubby & Grassy)/Grassy
Woodlands
Evening News 1888 Grenfell Dry Sclerophyll (Shrubby) Weddin Mountains
NP/Conimbla NP
Goulburn Evening Penny 1888 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands
The Australian Star 1888 Queanbeyan Dry Sclerophyll (Shrubby) / Grassy Woodlands Queanbeyan
NR/Cuumbeun NR
Australian Star 1888 Braidwood Dry Sclerophyll (Shrubby) / Wet Sclerophyll Mongo NP/Mongo
(Shrubby) SCA/Tallaganda
SCA
Evening News 1888 Limekins Dry Sclerophyll (Shrubby)/Grassy Woodlands Winburndale NR
Evening News 1888 Lithgow Dry Sclerophyll (Shrubby)/Wet Sclerophyl|
(Grassy)/Heathlands
Illawarra Mercury 1888 Bulli Mountain. Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Illawarra ESCA

Mount Keira and
Mount Kembla

(Shrubby)
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Evening News 1888 Black Ranges Dry Sclerophyll (Shrubby)/Wet Sclerophyll Bournda NR
(Shrubby)/Grassy
Woodlands/Rainforests/Forested Wetlands
Evening News 1888 Braidwood Wet Sclerophyll (Shrubby)/Dry Sclerophyll Mongo NP/Mongo
(Shrubby) SCA/Tallaganda
SCA
Western Herald 1889 Within 8 miles of Dry Sclerophyll (Shrubby & Grassy)/Forested
Gilgandra Wetlands
The Daily Telegraph 1889 Molong Dry Sclerophyll (Shrubby)/Grassy Woodlands
The Australian Star 1890 Pilliga Dry (Grassy & Shrubby)/Semi-arid Woodlands Pilliga SCA/Pilliga
(Shrubby) NR
The Sydney Mail and New 1890 Gilgandra Dry Sclerophyll (Shrubby & Grassy)/Forested
South Wales Advertiser Wetlands
National Advocate 1890 Grenfell Dry Sclerophyll (Shrubby) Weddin Mountains
NP/Conimbla NP
The Dily Telegraph 1890 Ballina Forested Wetlands Ballina NR
Daily Telegraph 1890 Murrumbidgee Forested Wetlands Murrumbidgee
Valley
NP/Murrumbidgee
Valley SCA
Newcastle Morning Herald and 1890 Bogan Semi-arid Woodlands (Shrubby) Quanda NR
Miner’s Advocate
The Shoalhaven Telegraph 1890 Shoalhaven District ~ Wet Sclerophyll (Grassy & Jerrawangala
Shrubby)/Heathlands/Dry Sclerophyll (Shrubby) NP/Conjola NP
The Australian Star 1891 Yass Dry Sclerophyll (Shrubby) / Grassy Woodlands Mundoonen NR
Barrier Miner 1891 Condobolin Semi-arid Woodlands (Shrubby)
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Goulburn Evening Penny 1892 Bungonia Dry Sclerophyll (Grassy & Shrubby)/Wet
Sclerophyll (Grassy)/Heathlands
The Daily Telegraph 1892 Mittagong District Dry Sclerophyll (Grassy) / Grassy Woodlands
The Australian Star 1892 Maryvale Dry Sclerophyll (Grassy)/Grassy Woodlands
Evening News 1892 Grenfell Dry Sclerophyll (Shrubby) Weddin Mountains
NP/Conimbla NP
Sydney Mail and NSW 1892 Rylstone Dry Sclerophyll (Shrubby) / Grassy Woodlands
Advertiser
Evening News 1892 Molong Dry Sclerophyll (Shrubby)/Grassy Woodlands
The Australian Star 1892 Bulli Mountains Dry Sclerophyll (Shrubby)/Wet Sclerophyll Illawarra ESCA
(Shrubby)
Wagga Wagga Express 1892 Murray Valley and Forested Wetlands / Grassy Woodlands Murray Valley NP
Riverina Area
The Australian Star 1892 Tumberumba Grassy Woodlands/Dry Sclerophyll
(Shrubby)/Wet Sclerophyll (Grassy)
Barrier Miner 1893 Wilcannia and White  Arid Shrublands Paroo-Darling NP
Cliffs opal fields
Barrier Miner 1893 Wilcannia Arid Shrublands Paroo-Darling NP
Goulburn Herald 1893 Narandera Forested Wetlands / Grassy Woodlands / Semi- Murrumbidgee
arid Woodlands (Shrubby) Valley NR
Evening News 1893 Balranald Forested Wetlands/Semi-arid Woodlands (Grassy) Murrumbidgee
Valley
NP/Murrumbidgee
Valley SCA
National Advocate 1893 Nymagee Semi-arid Woodlands (Shrubby)
The Kiama Independent, and 1894 Mount Victoria Dry Sclerophyll (Grassy) Blue Mountains NP

Shoalhaven Advertiser
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formation(s) Estate
The Australian Star 1894 North West of Dry Sclerophyll (Grassy) Blue Mountains NP
Lawson
The Kiama Independent, and 1894 Mittagong Dry Sclerophyll (Grassy) / Grassy Woodlands
Shoalhaven Advertiser
The Armidale Chronicle 1894 Several districts Dry Sclerophyll (Shrubby & Grassy)
around Armidale
National Advocate 1894 Mountains to the Dry Sclerophyll (Shrubby) Winburndale NR
east of Bathurst
National Advocate 1894 Royal National Park  Dry Sclerophyll (Shrubby) / Wet Sclerophyll Royal NP
(Shrubby)
Newcastle Morning Herald and 1894 Nelson Bay Dry Sclerophyll Tomaree NP
Miner’s Advocate (Shrubby)/Rainforests/Heathlands/Forested
Wetlands
National Advocate 1894 Nowra Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Triplarina
(Grassy) NR/Worrigee NR
The Daily Telegraph 1894 Bulli Mountains Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Illawarra
(Shrubby) Escarpment SCA
Evening News 1894 Berry District Dry Sclerophyll (Shrubby)/Wet Sclerophyl|
(Shrubby)/Rainforests/Heathlands
The Daily Telegraph 1894 MacLean Forested Wetlands/Wet Sclerophyll (Grassy)/Dry  Yaegl NR
Sclerophyll (Shrubby)
Evening News 1895 Greta region Dry Sclerophyll (Grassy)
Evening News 1895 Hillgrove Dry Sclerophyll (Grassy) Oxley Wild Rivers
NP
Evening News 1895 Gulgong Dry Sclerophyll (Grassy) / Grassy Woodlands
The Queanbeyan Observer 1895 Blue Mountains Dry Sclerophyll (Grassy)/Wet Sclerophyll Blue Mountains NP

(Shrubby)
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Goulburn Herald 1895 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands
National Advocate 1895 Jerrys Plains Dry Sclerophyll (Shrubby)/Grassy Woodlands Wollemi NP
Riverine Recorder 1895 Cooma and Pambala Dry Sclerophyll (Shrubby)/Wet Sclerophyll
Districts (Grassy)
The Australian Star 1895 Kurrajong Heights Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Blue Mountains
(Grassy) NP/Wollemi NP
Illawarra Mercury 1895 Mount Ousley and Dry Sclerophyll (Shrubby)/Wet Sclerophyll Illawarra
surrounds (Shrubby) Escarpment SCA
Evening News 1895 Bega region/Black Dry Sclerophyll (Shrubby)/Wet Sclerophyll Mimosa Rocks
Range (Shrubby)/Grassy NP/Bournda NR
Woodlands/Rainforests/Forested Wetlands
Illawarra Mercury 1895 Berry region Dry Sclerophyll (Shrubby)/Wet Sclerophyll
(Shrubby)/Rainforests/Heathlands
The Daily Telegraph 1895 Mudgee Dry Sclerophyll (Shrubby & Grassy) Avisford NR
Evening News 1895 Port Stephens to Forested Wetlands/Dry Sclerophyll Tomaree
QLD border (Shrubby)/Saline Wetlands NP/Tilligerry NR
Evening News 1895 Gunnedah Grassy Woodlands
Dungog Chronicle: Durham and 1895 Bingleburra to Wet Sclerophyll (Grassy & Shrubby)
Gloucester Advertiser Dungog
The Daily Telegraph 1895 Captains Flat Wet Sclerophyll (Grassy & Shrubby) Tallaganda NP
Evening News 1895 Wauchope to Wet Sclerophyll (Grassy & Shrubby)
Beechwood and
surrounds
The Daily Telegraph 1895 Moruya Wet Sclerophyll (Grassy & Shrubby)/Dry Eurobodalla NP
Sclerophyll (Shrubby)/Grassy Woodlands
Goulburn Herald 1895 Wingham Wet Sclerophyll (Grassy)
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The Queanbeyan Observer 1895 Braidwood Wet Sclerophyll (Shrubby)/Dry Sclerophyll Mongo NP/Mongo
(Shrubby) SCA/Tallaganda
SCA
Goulburn Herald 1896 Blue Mountains Dry Sclerophyll (Grassy)/Wet Sclerophyll Blue Mountains NP
(Shrubby)
National Advocate 1896 Mountains to the Dry Sclerophyll (Shrubby) Winburndale NR
east of Bathurst
National Advocate 1896 Mountains to the Dry Sclerophyll (Shrubby) Winburndale NR
east of Bathurst
The Australian Star 1896 Quarantine Station,  Dry Sclerophyll (Shrubby) / Heathlands Sydney Harbour
North Head NP
Evening News 1896 Blue Mountains near  Dry Sclerophyll (Shrubby)/Wet Sclerophyll Blue Mountains NP
Lithgow (Grassy)/Heathlands
The Sydney Morning Herald 1896 Ballina Forested Wetlands Ballina NR
Evening News 1896 Coraki Forested Wetlands
The Daily Telegraph 1897 Branxton Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands
The Daily Telegraph 1897 Capertee/Genowlan  Dry Sclerophyll (Grassy & Shrubby)/Grassy Gardens of Stone
Woodlands NP/Turon NP
Evening News 1897 Greta Dry Sclerophyll (Grassy)
Evening News 1897 Lawson Dry Sclerophyll (Grassy) Blue Mountains NP
Maitland Mercury 1897 Wattle Ponds Dry Sclerophyll (Grassy)
National Advocate 1897 Mount Rankin Dry Sclerophyll (Shrubby & Grassy)/Freshwater
Wetlands
Evening News 1897 Nelson Bay Dry Sclerophyll Tomaree NP
(Shrubby)/Rainforests/Heathlands/Forested
Wetlands
Illawarra Mercury 1897 Mount Keira Dry Sclerophyll (Shrubby)/Wet Sclerophyll Illawarra
(Shrubby) Escarpment SCA
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The Sydney Morning Herald 1897 Narrandera Semi-arid Woodlands (Shrubby)/Forested Murrumbidgee
Wetlands Valley NR
Glen Innes Examiner and 1897 Dungog Wet Sclerophyll (Grassy & Shrubby)
General Advertiser
The Daily Telegraph 1897 Forster Wet Sclerophyll (Grassy & Shrubby)/Rainforests
Macleay Argus 1897 Kempsey Wet Sclerophyll (Grassy)/Dry Sclerophyll
(Shrubby & Grassy)
Lithgow Mercury 1898 Blackheath/Medlow  Dry Sclerophyll (Grassy) Blue Mountains NP
Bath
Goulburn Herald 1898 Bombala Dry Sclerophyll (Grassy) / Grassy Woodlands Coolumbooka NR
Evening News 1898 Bowral Dry Sclerophyll (Grassy) / Grassy Woodlands
National Advocate 1898 Blue Mountains Dry Sclerophyll (Grassy)/Wet Sclerophyll Blue Mountains NP
(Shrubby)
Evening News 1898 Gara Falls, east of Dry Sclerophyll (Shrubby) Oxley Wild Rivers
Armidale NP
National Advocate 1898 Mountains to the Dry Sclerophyll (Shrubby) Winburndale NR
east of Bathurst
Evening News 1898 Quarantine Station,  Dry Sclerophyll (Shrubby) / Heathlands Sydney Harbour

The Gundagai Independentand 1899
Pastoral, Agricultural and

Mining Advocate
The Daily Telegraph

1899

North Head
Mountains between
Murrumbidgee and
Tumut Rivers
Jenolan Caves

Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands

Dry Sclerophyll (Grassy)

NP

Wereboldera
SCA/Kosciuzsko
NP

Jenolan Karst
Conservation
Reserve
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Evening News 1899 Katoomba, Dry Sclerophyll (Grassy) Blue Mountains NP
Megalong Valley
Evening News 1899 Moss Vale Dry Sclerophyll (Grassy) / Grassy Woodlands
Mudgee Guardian and North- 1899 Warrumbungles Dry Sclerophyll (Shrubby) Warrumbungle NP
Western Representative
Evening News 1899 Quarantine Station,  Dry Sclerophyll (Shrubby) / Heathlands Sydney Harbour
Collins Beach, North NP
Head
Dubbo Dispatch and Wellington 1899 Clarence Dry Sclerophyll (Shrubby)/Wet Sclerophyll
Independent (Grassy)
Evening News 1899 Captains Flat Wet Sclerophyll (Grassy & Shrubby) Tallaganda NP
The Daily Telegraph 1900 Mount Cole Dry Sclerophyll (Shrubby & Grassy) Nangar NP
The Daily Telegraph 1900 Grenfell Dry Sclerophyll (Shrubby) Weddin Mountains
NP/Conimbla NP
Australian Town and Country 1900 Braidwood Dry Sclerophyll (Shrubby) / Wet Sclerophyll Mongo NP/Mongo
Journal (Shrubby) SCA/Tallaganda
SCA
Molong Argus 1900 Molong Dry Sclerophyll (Shrubby)/Grassy Woodlands
Dubbo Dispatch and Wellington 1900 Bombala Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Coolumbooka NR
Independent (Shrubby)
The Daily Telegraph 1900 Mount Pleasant Dry Sclerophyll (Shrubby)/Wet Sclerophyli Illawarra
(Shrubby) Escarpment SCA
Wingham Chronicle and 1900 Tinonee Forested Wetlands / Wet Sclerophyll (Grassy)
Manning River Observer
Lithgow Mercury 1901 Between Hartley Dry Sclerophyll (Grassy) Blue Mountains NP
Vale and Bell
The Sydney Morning Herald 1901 Springwood Dry Sclerophyll (Grassy) Blue Mountains NP
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Sydney Morning Herald 1901 Buchanan Dry sclerophyll (Grassy) / Forested Wetlands /
Wet Sclerophyll (Grassy)
The Australian Star 1901 Collarenebri Semi-arid Woodlands (Shrubby & Grassy)
Lithgow Mercury 1902 Hassan’s Walls, Dry Sclerophyll (Grassy)
Bowenfel
Mudgee Guardian and North- 1902 IIford Dry Sclerophyll (Grassy)
Western Guardian
Lithgow Mercury 1902 Jenolan Caves Dry Sclerophyll (Grassy) Jenolan Karst
Conservation
Reserve
Mudgee Guardian and North- 1902 Hills between Dry Sclerophyll (Shrubby & Grassy) Avisford NR
Western Representative Mudgee and Grattai
The Armidale Express and New 1902 Warialda Dry Sclerophyll (Shrubby & Grassy) Warialda SCA
England General Advertiser
The Sydney Morning Herald 1902 Araluen Dry Sclerophyll (Shrubby & Grassy)/WSF Mongo NP
Shrubby
Evening News 1902 Lithgow Dry Sclerophyll (Shrubby)/Wet Sclerophyl|
(Grassy)/Heathlands
The Australian Star 1902 Murwillumbah Wet Sclerophyll (Grassy & Shrubby)/Rainforests
The Daily Telegraph 1903 Eugowra Dry Sclerophyll (Grassy) Eugowra
NR/Nangar NP
Evening News 1903 Nelson Bay Dry Sclerophyll Tomaree NP
(Shrubby)/Rainforests/Heathlands/Forested
Wetlands
Western Herald 1903 Gongolgon Semi-arid Woodlands (Shrubby & Grassy)/Arid
Shrublands (Chenopod)
Albury Banner and Wodonga 1903 Dungog Wet Sclerophyll (Grassy & Shrubby)

Express
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Warialda Standard and Northern 1904 Boggabri Dry Sclerophyll (Grassy & Shrubby)

District’s Advertiser

The Dubbo Liberal and 1904 Geurie Dry Sclerophyll (Grassy & Shrubby)/Grassy

Macquarie Advocate Woodlands

The Australian Star 1904 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera

Woodlands SCA/Kosciuzsko
NP
Goulburn Evening Penny Post 1904 Hillgrove Dry Sclerophyll (Grassy) Oxley Wild Rivers
NP

The Sydney Morning Herald 1904 Katoomba, Dry Sclerophyll (Grassy) Blue Mountains NP
Wentworth Falls and
Medlow

Australian Town and Country 1904 Tamworth Dry Sclerophyll (Grassy)

Journal

Goulburn Evening Penny Post 1904 Bowral district Dry Sclerophyll (Grassy) / Grassy Woodlands

Monaco Mercury and Cooma 1904 Dungog, Gloucester, Dry Sclerophyll (Grassy) / Grassy Woodlands /

and Bombala Advertiser Lismore, and Rainforests / Wet Sclerophyll (Shrubby)
Inverell districts

The Sydney Morning Herald 1904 Wellington Dry Sclerophyll (Grassy)/Grassy Woodlands

Molong Express and Western 1904 Molong Dry Sclerophyll (Shrubby)

District Advertiser

Mudgee Guardian and North- 1904 Baradine Dry Sclerophyll (Shrubby)/Grassy Woodlands Timallallie

Western Representative NP/Yarragin NP

Goulburn Evening Penny Post 1904 Bombala mountain Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Coolumbooka NR
range (Shrubby)

Goulburn Evening Penny Post 1904 Kangaroo Valley Wet Sclerophyll (Grassy & Kangaroo River

Shrubby)/Rainforests/Dry Sclerophyll (Shrubby)

NR
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Gosford Times and Wollombi 1905 Wollombi District Dry Sclerophyll (Grassy) Yengo NP

Express

Bowral Free Press 1905 Moss Vale to Dry Sclerophyll (Grassy) / Grassy Woodlands
Berrima

The Border Morning Mail and 1905 Sackville and Colo Dry Sclerophyll (Grassy) / Grassy Woodlands Wollemi NP

Riverina Times

The Monaro Mercury, and 1905 Gunbar Freshwater Wetlands/Semi-arid Woodlands

Cooma and Bombala Advertiser (Shrubby & Grassy)/Arid Shrublands (Chenopod)

Barrier Miner 1906 Wilcannia district Arid Shrublands / Semi-arid Woodland Paroo-Darling NP

Lithgow Mercury 1906 Blackheath Dry Sclerophyll (Grassy) Blue Mountains NP

Sydney Mail and NSW 1906 Wheogo Mountain,  Dry Sclerophyll (Shrubby) Conimbla NP

Advertiser near Grenfell

Argyle Liberal and District 1906 Wilcannia Freshwater Wetlands/Semi-arid Woodlands Paroo-Darling NP

Recorder (Shrubby)/Arid Shrublands (Chenopod)

The Daily Telegraph 1907 Netallie Run, Arid Shrublands / Semi-arid Woodland Paroo-Darling SCA
Wilcannia District

The Sydney Morning Herald 1907 Hills to the west of Dry Sclerophyll (Shrubby & Grassy) Avisford NR
Mudgee

Lithgow Mercury 1907 Black Mountain Grassy Woodlands

The Hillston Spectator and 1907 Ivanhoe Semi-arid Woodlands (Shrubby)/Arid Shrublands  Kajuligah

Lachlan River Advertiser (Chenopod) NR/Wilandra NP

Leader 1908 Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera

Woodlands SCA/Kosciuzsko
NP

Mudgee Guardian and North- 1909 Carwell Dry Sclerophyll (Grassy & Shrubby)/Grassy

Western Representative Woodlands

Western Champion 1909 Katoomba and Leura Dry Sclerophyll (Grassy) Blue Mountains NP
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The Monaro Mercury, and 1909 Mountains between  Dry Sclerophyll (Grassy)/Wet Sclerophyll Wadbilliga
Cooma and Bombala Advertiser Bega and Cooma (Shrubby) NP/South East
Forest NP
Blue Mountain Echo 1909 Woodford Dry Sclerophyll (Shrubby) Blue Mountains NP
The Inverell Times 1909 Brewarrina Grasslands/Semi-arid Woodlands (Grassy)/Arid
Shrublands (Acacia)
Cobar Herald 1910 Tumbarumba Dry Sclerophyll (Shrubby) / Grassy Woodlands /
Wet Sclerophyll (Grassy)
The Sydney Morning Herald 1910 Brewarrina Grasslands/Semi-arid Woodlands (Grassy)/Arid
Shrublands (Acacia)
The independent 1910 Mathoura Semi-arid Woodlands (Shrubby)/Grassy Murray Valley RP
Woodlands/Freshwater Wetlands
Sydney Morning Herald 1911 Blackheath Dry Sclerophyll (Shrubby) Blue Mountains NP
Barrier Miner 1911 Near Wentworth (30  Semi-arid Woodlands (Grassy & Shrubby)/Arid Mallee Cliffs NP
miles x 20 miles, Shrublands (Chenopod)/Forested Wetlands
100 miles in
circumference)
Western Grazier 1912 White CIiff Arid Shrublands Paroo-Darling
NP/Mutawintji NP
The Maitland Daily Mercury 1912 Wentworth Falls Dry Sclerophyll (Grassy) Blue Mountains NP
The Armidale Chronicle 1912 Coramba and Wet Sclerophyll (Grassy & Shrubby)/Rainforests  Bindari
Dorrigo NP/Dorrigo NP
The Bathurst Times 1912 Murwillumbah/Roun  Wet Sclerophyll (Grassy & Shrubby)/Rainforests
d Mountain
The North Western Courier 1913 Pilliga Dry (Grassy & Shrubby)/Semi-arid Woodlands Pilliga SCA/Pilliga
(Shrubby) NR
Newcastle Morning Herald and 1913 Near Cessnock Dry Sclerophyll (Grassy & Shrubby)

Miners’ Advocate
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Goulburn Evening Penny Post 1913 Weddin Mountain Dry Sclerophyll (Grassy) Weddin Mountains
NP
The Maitland Daily Mercury 1913 Royal National Park  Dry Sclerophyll (Shrubby) / Wet Sclerophyll Royal NP
(Shrubby)
Leader 1913 Cadia Dry Sclerophyll (Shrubby)/Wet Sclerophyll Mount Canobolas
(Grassy)/Grassy Woodlands SCA
Leader 1914 Bathurst district Dry Sclerophyll (Shrubby) Winburndale NR
Lithgow Mercury 1914 Wallerawang Dry Sclerophyll (Shrubby) Marrangaroo NP
The Bathurst Times 1914 Rock Forest Grassy Woodlands/Dry Sclerophyll
(Grassy)/Freshwater Wetlands
The Border Morning and 1914 Murray Valley Semi-arid Woodlands (Shrubby)/Grassy Murray Valley NP
Riverina Times Woodlands/Freshwater Wetlands
Lithgow Mercury 1914 Black Springs Wet Sclerophyll (Grassy)/Dry Sclerophyll
(Shrubby)
Lithgow Mercury 1915 Hassan’s Walls Dry Sclerophyll (Grassy)
Daily Advertiser 1915 Wentworth Dry Sclerophyll (Grassy) Blue Mountains NP
Falls/Katoomba
District
The Daily Telegraph 1915 Tallong Dry Sclerophyll (Shrubby & Grassy) Moreton NP
Young Witness 1915 Grenfell Dry Sclerophyll (Shrubby) Weddin Mountains
NP/Conimbla NP
Queanbeyan Age and 1915 Uriarra District Dry Sclerophyll (Shrubby) Brindabella NP
Queanbeyan Observer
Molong Express and Western 1915 Gumble Dry Sclerophyll (Shrubby)/Grassy Woodlands South West
District Advertiser Woodland NR
National Advocate 1915 Vittoria DSF Shrubby
The Armidale Chronicle 1915 Dorrigo District Wet Sclerophyll (Grassy & Shrubby)/Rainforests  Dorrigo NP
The Farmer and Settler 1915 Bellingen District Wet Sclerophyll (Grassy)
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
The Kyogle Examiner 1915 Tooloom Wet Sclerophyll (Grassy)/Dry Sclerophyll Yabbra NP
(Grassy)/Rainforests
The Farmer and Settler 1916 Sharp’s Creek Dry Sclerophyll (Grassy & Shrubby)/Grassy
Adelong to Woodlands
Wondalga and
surrounds
The Gosford Times and Wyong 1916 Bushland Dry Sclerophyll (Shrubby & Grassy)
District Advocate surrounding Brady’s
Gully Cemetery,
Gosford
The Dubbo Liberal and 1916 Bushland around Dry Sclerophyll (Shrubby & Grassy) Mogriguy
Macquarie Advocate Mogriguy NP/Goonoo NP
Leader 1916 Mullion Creek Dry Sclerophyll (Shrubby) Mullion Range
mountains SCA
Goulburn Evening Penny 1916 Goulburn Dry Sclerophyll (Shrubby) / Grassy Woodlands
Evening News 1916 North Head Dry Sclerophyll (Shrubby) / Heathlands Sydney Harbour
NP
Daily Examiner 1917 Woodford Island Dry Sclerophyll (Shrubby)/Grassy Woodlands Blue Mountains NP
Sydney Morning Herald 1918 Mutooroo, Scotia Arid Shrublands
Blocks and Cuthero
The Scrutineer and Berrima 1918 Mittagong District Dry Sclerophyll (Grassy) / Grassy Woodlands
District Press
Northern Star 1918 Rock Forest Dry Sclerophyll (Shrubby & Grassy)/Grassy
Woodlands/Freshwater Wetlands
Goulburn Evening Penny 1918 Cookbundoon Dry Sclerophyll (Shrubby) Cookbundoon NR
Range, near
Goulburn
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Young Witness 1918 Yannawah Dry Sclerophyll (Shrubby) / Grassy Woodlands
Northern Star 1918 Guerie Grassy Woodlands/Dry Sclerophyll (Shrubby &
Grassy)
Daily Advertiser 1918 Menindee and Semi-arid Woodlands Kinchega NP
Bourke districts
The Forbes Advocate 1918 Condobolin Semi-Arid Woodlands (Shrubby)
Western Herald 1918 West of Enngoniato  Semi-Arid Woodlands (Shrubby)/Arid Shrublands Ledknapper NR
Davis’ Creek (Acacia)
Lithgow Mercury 1918 Duckmaloi Wet Sclerophyll (Grassy)
Maitland Daily Mercury 1919 Cessnock Dry Sclerophyll (Grassy & Shrubby) Werakata SCA
Northern Star 1919 Black Mountain Grassy Woodlands
Northern Star 1919 30 miles between Grassy Woodlands/Dry Sclerophyll (Grassy &
Hargraves and Hill Shrubby)
End
Moree Gwydir Examiner and 1919 Wattle Flat Grassy Woodlands/Dry Sclerophyll (Shrubby)
General Advertiser
Mudgee Guardian and North- 1919 Liverpool Range, Grassy Woodlands/Wet Sclerophyll (Grassy) Murrurundi Pass
Western Representative Ardglen NP
The Bathurst Times 1920 Mountains to the Dry Sclerophyll (Shrubby) Winburndale NR
east of Bathurst
The Sydney Morning Herald 1920 Wisemans Ferry Dry Sclerophyll (Shrubby) Dharug NP
National Advocate 1920 Yetholme Dry Sclerophyll (Shrubby)/Grassy Woodlands Eusdale
NR/Winburndale
NR
The Sun 1920 Mount Lambie Dry Sclerophyll (Shrubby)/Grassy

Woodlands/Wet Sclerophyll (Grassy)
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
The Daily Telegraph 1921 Cobar to Arid Shrublands / Semi-arid Woodland
Wilcannia/lvanhoe
Districts
The North Western Courier 1921 Pilliga Scrub/Pilliga  Dry (Grassy & Shrubby)/Semi-Arid Woodlands Pilliga SCA/Pilliga
East State Forest (Shrubby) NR
National Advocate 1921 Wellington Dry Sclerophyll (Grassy)/Grassy Woodlands
Albury Banner and Wodonga 1921 Hermidale and Semi-Arid Woodlands (Shrubby)
Express Miandetta districts
The Riverine Grazier 1921 Ivanhoe Semi-Arid Woodlands (Shrubby)/Arid Shrublands  Kajuligah
(Chenopod) NR/Wilandra NP
The Corowa Free Press 1922 Holbrook District Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands
The Sun 1922 Mittagong District Dry Sclerophyll (Grassy) / Grassy Woodlands
Mudgee Guardian and North- 1922 Mark’s Gully and Dry Sclerophyll (Shrubby & Grassy) Avisford NR
Western Representative Sawpit Gully, south
west of Mudgee
Mudgee Guardian and North- 1922 Bomera Scrub Dry Sclerophyll (Shrubby)
Western Representative
Goulburn Evening Penny Post 1922 Royal National Park  Dry Sclerophyll (Shrubby) / Wet Sclerophyl| Royal NP
(Shrubby)
Illawarra Mercury 1922 Bulli Pass Dry Sclerophyll (Shrubby)/Wet Sclerophyll Illawarra
(Shrubby) Escarpment SCA
Western Herald 1922 Between Bourke and  Grasslands/Semi-arid Woodlands (Grassy)/Arid
Brewarrina Shrublands (Acacia)
Mudgee Guardian and North- 1922 Between Cudgegong Heathlands/Dry Sclerophyll (Shrubby) Wollemi NP
Western Representative and Rylstone
Northern Star 1923 Jamieson Valley Dry Sclerophyll (Grassy & Shrubby)/Wet Blue Mountains NP

Sclerophyll (Shrubby)
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
The Farmer and Settler 1923 Wolumla Dry Sclerophyll (Shrubby) / Wet Sclerophyll Yurammie
(Shrubby) SCA/Bournda NR
Goulburn Evening Penny Post 1923 Yetholme Ranges Dry Sclerophyll (Shrubby)/Grassy Woodlands Eusdale
NR/Winburndale
NR
Mudgee Guardian and North- 1923 Hargraves Grassy Woodlands/Dry Sclerophyll (Grassy &
Western Representative Shrubby)
The Daily Express 1923 Woodenbong to Wet Sclerophyll (Grassy & Shrubby)/Dry
Terrace Creek Sclerophyll (Grassy)
The Gundagai Independent and 1924 Bethungra Dry Sclerophyll (Shrubby & Grassy)/Semi-Arid Ulandra NR
Pastoral, Agricultural and Woodlands (Shrubby)
Mining Advocate
Goulburn Evening Settler 1925 Ashford Grassy Woodlands Kwiambal NP
Mudgee Guardian and North- 1925 Merrygoen Grassy Woodlands/Dry Sclerophyll (Grassy &
Western Representative Shrubby)
Daily Advertiser 1926 Hills near Tumut Dry Sclerophyll (Grassy & Shrubby)/Grassy Wereboldera
Woodlands SCA/Kosciuzsko
NP
The Braidwood Review and 1926 Between Bungonia Dry Sclerophyll (Grassy & Shrubby)/Wet
District Advocate and Goulburn Sclerophyll (Grassy)/Heathlands
Wellington Times 1926 Walmer Dry Sclerophyll (Grassy)/Grassy Woodlands
Gilgandra Weekly 1926 Warrumbungles Dry Sclerophyll (Shrubby) Warrumbungle NP
The Forbes Advocate 1926 Weddin Mountains Dry Sclerophyll (Shrubby) Weddin Mountains
NP
Riverina Recorder 1926 Balranald Forested Wetlands/Semi-arid Woodlands (Grassy) Murrumbidgee
Valley
NP/Murrumbidgee
Valley SCA
Daily Express 1926 Meadow Flat Grassy Woodlands Eusdale NR
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Northern Star 1926 Kyogle District Wet Sclerophyll (Grassy & Shrubby)
The Manning River Timesand 1926 Brother Mountain, Wet Sclerophyll (Grassy & Shrubby)/Forested
Advocate for the Northern Moorland Wetlands
Districts of New South Wales
The Dubbo Liberal and 1927 Mogriguy Dry Sclerophyll (Shrubby & Grassy) Mogriguy
Macquarie Advocate NP/Goonoo NP
Glen Innes Examiner 1928 Mittagong Dry Sclerophyll (Grassy) / Grassy Woodlands
The Sydney Morning Herald 1928 Royal National Park  Dry Sclerophyll (Shrubby) / Wet Sclerophyll Royal NP
(Shrubby)
Macleay Argus 1928 Corangula Grassy Woodlands/Dry Sclerophyll (Grassy)/Wet
Sclerophyll (Grassy)
Barrier Miner 1928 Cal Lal Semi-Arid Woodlands (Shrubby)/Arid Shrublands
(Chenopod)
The Uralla Times 1928 Thora District Wet Sclerophyll (Grassy & Shrubby)/Rainforests  Dorrigo NP
Daily Advertiser 1929 Holbrook Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands
Northern Star 1929 Barrallier Dry Sclerophyll (Grassy) Blue Mountains NP
The Corowa Free Press 1929 Bigga Dry Sclerophyll (Shrubby & Grassy) Razorback
NR/Keverstone NP
The Manning River Timesand 1929 Burraga Dry Sclerophyll (Shrubby & Grassy)
Advocate for the Northern Coast
Districts of New South Wales
The Richmond River Express 1929 Blue Mountains, Dry Sclerophyll (Shrubby) Blue Mountains NP
and Casino Kyogle Advertiser Bathurst and Jenolan
Caves Districts
The Grenfell Record and 1929 Grenfell/Weddin Dry Sclerophyll (Shrubby) Weddin Mountains

Lachlan District Advertiser

Mountain

NP
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Cootamundra Herald 1929 Goulburn District Dry Sclerophyll (Shrubby) / Grassy Woodlands
The Armidale Express and New 1929 Abercrombie Dry Sclerophyll (Shrubby)/Wet Sclerophyll Blue Mountains NP
England General Advertiser Mountains, near (Grassy)
Wombeyan Caves
The Manning River Timesand 1929 Katoomba and Dry Sclerophyll (Shrubby)/Wet Sclerophyll Blue Mountains NP
Advocate for the Northern Coast Lithgow Districts (Grassy)/Heathlands
Districts of New South Wales
The Daily Telegraph 1929 Black Range Dry Sclerophyll (Shrubby)/Wet Sclerophyll Bournda NR
(Shrubby)/Grassy
Woodlands/Rainforests/Forested Wetlands
The Cessnock Eagle and South 1930 Heddon Greta Dry Sclerophyll (Grassy & Shrubby)
Maitland Recorder
Goulburn Evening Penny Post 1930 Tarlo Ranges Dry Sclerophyll (Shrubby)
(Goulburn District)
The Sydney Morning Herald 1930 North Head Dry Sclerophyll (Shrubby) / Heathlands Sydney Harbour
NP
Sydney Morning Herald 1931 40 miles east of Arid Shrublands / Semi-arid Woodland
Menindee
Western Grazier 1931 43 miles from Arid Shrublands / Semi-arid Woodland Paroo-Darling NP
Wilcannia towards
Cobar
The Riverina Grazier 1931 Wilcannia between  Arid Shrublands / Semi-arid Woodland Paroo-Darling NP
Tilpa and Bourke
Mudgee Guardian and North- 1931 Hills to the east of Dry sclerophyll (Shrubby & Grassy)
Western Representative Mudgee
The Uralla Times 1931 Cobar District (50- Semi-Arid Woodlands (Shrubby & Grassy)/Arid
mile front) Shrublands (Acacia)
Barrier Miner 1931 Stirling Vale Semi-Arid Woodlands (Shrubby)
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Barrier Miner 1932 3 miles west of Arid Shrublands / Semi-arid Woodland
Ivanhoe
Mudgee Guardian and North- 1932 Eurunderee District ~ Dry Sclerophyll (Shrubby) / Grassy Woodlands
Western Representative
The Katoomba Daily 1933 Katoomba Dry Sclerophyll (Grassy) Blue Mountains NP
The Propeller 1933 Royal National Park  Dry Sclerophyll (Shrubby) / Wet Sclerophyll Royal NP
(Shrubby)
Gilgandra Weekly and 1933 Baradine Dry Sclerophyll (Shrubby)/Grassy Woodlands Timallallie
Castlereagh NP/Yarragin NP
National Advocate 1933 Yetholme District Dry Sclerophyll (Shrubby)/Grassy Woodlands Eusdale
NR/Winburndale
NR
Northern Star 1933 Tumbarumba Dry Sclerophyll Shrubby / Grassy Woodlands /
Wet Sclerophyll (Grassy)
Mudgee Guardian and North- 1933 Hargraves Grassy Woodlands/Dry Sclerophyll (Grassy &
Western Representative Shrubby)
The Braidwood Review and 1933 Braidwood District ~ Wet Sclerophyll (Shrubby)/Dry Sclerophyll Mongo NP/Mongo
District Advocate (Shrubby) SCA/Tallaganda
SCA
Barrier Miner 1934 Hazelbrook Dry Sclerophyll (Grassy) Blue Mountains NP
The Cessnock Eagle and South 1934 Mount View, Dry Sclerophyll (Grassy)
Maitland Recorder Cessnock District
The Maitland Mercury 1934 Vittoria Dry Sclerophyll (Shrubby)
Mudgee Guardian and North- 1935 Mountains behind Dry Sclerophyll (Grassy & Shrubby)
Western Representative Denman
The Sydney Morning Herald 1935 Rydal District Dry Sclerophyll (Shrubby) Marrangaroo NP
The Daily Telegraph 1935 Long Mountain Grassy Woodlands
(south of Curlewis)
The Blue Mountains Times 1936 Leura Dry Sclerophyll (Grassy) Blue Mountains NP
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Goulburn Evening Penny Post 1936 Mount Gibraltar, Dry Sclerophyll (Grassy) / Grassy Woodlands
Bowral
The Braidwood Review and 1936 Between Majors Dry Sclerophyll (Shrubby & Grassy)/WSF Mongo NP
District Advocate Creek and Araluen Shrubby
Mudgee Guardian and North- 1936 Bomera Dry Sclerophyll (Shrubby)
Western Representative
The Daily Telegraph 1936 Catherine Hill Bay Dry Sclerophyll (Shrubby) Lake Macquarie
SCA/Munmorah
SCA/Wallarah NP
Macleay Argus 1936 Crescent Head Forested Wetlands/Dry Sclerophyll Maria NP
(Shrubby)/Wet Sclerophyll (Grassy)
The Gosford Times and Wyong 1936 Palmdale Wet Sclerophyll (Grassy & Shrubby)/Rainforests
District Advocate
Western Herald 1937 Clifton Downs Arid Shrublands (Chenopod)/Semi-arid Pinderra Downs
Station, 50 km east ~ Woodlands (Grassy) Aboriginal Area
of Tibooburra
Mudgee Guardian and North- 1937 4 miles the Gulgong  Dry Sclerophyll (Shrubby)
Western Representative side of Ulan
Western Herald 1937 Lissington Station, Grasslands/Semi-arid Woodlands (Grassy)/Arid Narran Lake NR
North west of Shrublands (Acacia)
Brewarrina, south of
the QLD border
Mudgee Guardian and North- 1938 Freemantle, Bathurst Dry Sclerophyll (Shrubby) Freemantle NR
Western Representative
Molong Express and Western 1938 Killongbutta State Dry Sclerophyll (Shrubby) Freemantle NR
District Advertiser Forest
Mudgee Guardian and North- 1939 Goonoo State Forest  Dry Sclerophyll (Shrubby & Grassy) Goonoo SCA

Western Representative
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
Mudgee Guardian and North- 1939 Ranges beyond Grassy Woodlands/Dry Sclerophyll (Shrubby)
Western Representative Mount Frome
Western Grazier 1939 Barradale Station, 8  Semi-Arid Woodlands (Shrubby & Grassy)/Arid  Paroo-Darling SCA
kms south east of Shrublands (Chenopod)
Wilcannia
Mudgee Guardian and North- 1940 Capertee/Running Dry Sclerophyll (Grassy & Shrubby) Gardens of Stone
Western Representative Stream NP/Turon NP
Mudgee Guardian and North- 1940 Hills to the south Dry Sclerophyll (Grassy & Shrubby) Avisford NR
Western Representative west of Mudgee
Cootamundra Herald 1940 Lacmalac Dry Sclerophyll (Grassy & Shrubby)/Wet Kosciuszko NP
Sclerophyll (Grassy)
The Picton Post 1940 Wombeyan Caves Dry Sclerophyll (Grassy & Shrubby)/Wet Wombeyan Karst
District Sclerophyll (Grassy)/Grassy Woodlands Conservation
Reserve
Molong Express and Western 1940 Beyond Baldry Dry Sclerophyll (Shrubby) Goobang NP
District Advertiser towards Parkes and
Alectown
Molong Express and Western 1940 Norah Creek Dry Sclerophyll (Shrubby) South West
District Advertiser Woodland NR
National Advocate 1940 Caloola Dry Sclerophyll (Shrubby)/Freshwater Wetlands
The Inverell Times 1940 Torrington Dry Sclerophyll (Shrubby)/Heathlands/Grassy Torrington SCA
Woodlands
Illawarra Mercury 1940 Bulli Dry Sclerophyll (Shrubby)/Wet Sclerophyll Illawarra
(Shrubby) Escarpment SCA
South Coast Times and 1940 West Wollongong Dry Sclerophyll (Shrubby)/Wet Sclerophyl| Illawarra
Wollongong Argus (Shrubby) Escarpment SCA
Daily Advertiser 1940 Mount Adrah Grassy Woodlands/Dry Sclerophyll (Grassy) Ellerslie NR
Border Morning Mail 1940 Woomargama Grassy Woodlands/Dry Sclerophyll (Grassy) Woomargama NP
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Barrier Miner 1940 Hillston Semi-arid Woodlands (Grassy)/Forested Wetlands Lachlan Valley
Regional Park
Mudgee Guardian and North- 1941 Capertee/Running Dry Sclerophyll (Grassy & Shrubby) Gardens of Stone
Western Representative Stream NP/Turon NP
The Inverell Times 1941 Gum Flat Dry Sclerophyll (Grassy & Shrubby)/Grassy
Woodlands
Daily Examiner 1941 Mylneford Dry Sclerophyll (Grassy)/Grassy Woodlands
The Propeller 1941 Royal National Park  Dry Sclerophyll (Shrubby) / Wet Sclerophyl| Royal NP
(Shrubby)
Molong Express and Western 1942 Wallerawang Dry Sclerophyll Forest (Grassy & Shrubby) Gardens of Stone
District Advertiser District and Newnes NP/Wollemi NP
State Forest
Singleton Argus 1942 Between East Greta  Dry Sclerophyll Forest (Grassy &
and Heddon Greta Shrubby)/Forested Wetlands
Daily Examiner 1942 Nymboida District Dry Sclerophyll Forests (Grassy) Chaelundi NP
Daily Examiner 1942 Upper Corindi Forested Wetlands/Wet Sclerophyll (Grassy)/Dry
Sclerophyll (Grassy)
Barrier Miner 1942 Between Roto and Semi-Arid Woodlands (Shrubby & Grassy) Nombinnie
Matakana NR/Lachlan Valley
SCA
The North Western Courier 1943 Narrabri District, Dry Sclerophyll Forests (Shrubby) Bobbiwaa SCA
Edgeroi
Northern Star 1943 Main Arm Wet Sclerophyll Forests (Shrubby)/Rainforests
Daily Examiner 1944 Scrub country 14 Dry Sclerophyll Forests (Grassy & Shrubby) Goonoo SCA
miles from Dubbo
The Southern Mail 1944 Nattai Shire Dry Sclerophyll Forests (Grassy & Shrubby)/Wet  Burragorang SCA

Sclerophyll Forests (Shrubby)

Williamson 2021

363



Appendix Two

Source

Year

Location of fire

Predominant Vegetation Formation/sub-
formation(s)

NSW NPWS
Estate

The Muswellbrook Chronicle 1944

Yass Tribune-Courier

Lithgow Mercury

Daily Advertiser

1944

1945

1946

The Cessnock Eagle and South 1946

Maitland Recorder
Northern Star

Illawarra Mercury

Barrier Miner

Lithgow Mercury

Wellington Times
Barrier Miner

Barrier Miner
Barrier Miner

1946

1946

1947

1947

1948

1948

1948
1948

Bells Mountain,
McCully’s Gap
Between Gundaroo
and Collector

The mountains south
of Lithgow

Royal National Park

Bushland west of
Cessnock
Huonbrook

Scrub land near
Coledale

Bend of the Darling
River near
Wilcannia
Wallerawang

40 miles south west
of Broken Hill
Wentworth Road,
Broken Hill
Woolcunda District
Kudgee and Netley
(SA) Districts

Dry Sclerophyll Forests (Grassy)
Dry Sclerophyll Forests (Shrubby)

Dry Sclerophyll Forests (Shrubby)/Wet
Sclerophyll Forests (Grassy)

Dry Sclerophyll (Shrubby) / Wet Sclerophyll
(Shrubby)

Dry Sclerophyll Forests (Grassy & Shrubby)

Wet Sclerophyll Forests (Shrubby)/Rainforests

Wet Sclerophyll Forests (Shrubby)/Rainforests

Arid Shrublands / Semi-arid Woodland

Dry Sclerophyll Forests (Shrubby)/Wet
Sclerophyll Forests (Grassy)

Arid Shrublands
Arid Shrublands

Arid Shrublands

Arid Shrublands (Acacia & Chenopod)/Semi-Arid

Woodlands (Shrubby)

McLeod’s Creek
NR

Royal NP

Werakata NP
Mount Jerusalem
NP/Goonengerry

NP/Nightcap NP
Dharawal NP

Paroo-Darling SCA

Marrangaroo NP
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Source Year Location of fire Predominant Vegetation Formation/sub- NSW NPWS
formation(s) Estate
National Advocate 1948 Between Dry Sclerophyll Forests (Shrubby) Goobang NP
Cookamidgera and
Mandagery
The Blue Mountains Advertiser 1948 Springwood Dry Sclerophyll Forests (Shrubby) Blue Mountains NP
Newcastle Morning Herald and 1949 Evans Head Forested Wetlands/Heathlands/Dry Sclerophyll Broadwater
Miner's Advocate Forests (Shrubby) NP/Bundjalung NP
The Manning River Timesand 1949 Forster District Forested Wetlands/Saline wetlands/Heathlands
Advocate for the Northern Coast
Districts of New South Wales
Barrier Miner 1950 Between Nundooka  Arid Shrublands
and Nappa Merrie
Goulburn Evening Post 1950 Bevendale District Dry Sclerophyll Forests (Grassy & Shrubby)
The Braidwood Review and 1950 Marlowe District Dry Sclerophyll Forests (Shrubby) Nadgigomar NR
District Advocate
The Sydney Morning Herald 1950 Hills to the north of  Dry Sclerophyll Forests (Shrubby)/Wet
Lithgow Sclerophyll Forests (Grassy)
National Advocate 1950 Brewarrina District ~ Semi-arid Woodlands (Shrubby &
Grassy)/Grasslands
Barrier Daily Truth 1951 150 miles north of Arid Shrublands
Broken Hill
Barrier Miner 1951 Bourke, Wanaaring,  Arid Shrublands / Semi-arid Woodland Nocoleche
and Hungerford NR/Toorale SCA
areas
Western Herald 1951 Wanaaring District ~ Arid Shrublands / Semi-arid Woodland Nocoleche NR
Warialda Standard and Northern 1951 Warialda District Dry Sclerophyll Forests (Grassy & Shrubby) Warialda SCA
Districts' Advertiser
Mudgee Guardian and North- 1951 Scrub country at Dry Sclerophyll Forests (Grassy &

Western Representative

Neilrex

Shrubby)/Grassy Woodlands
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formation(s) Estate
Mudgee Guardian and North- 1952 Scrub country Dry Sclerophyll Forests (Shrubby)
Western Representative towards Barney's
Reef, Tallawang
District
Illawarra Daily Mercury 1952 Wentworth Falls Dry Sclerophyll Forests (Shrubby) Blue Mountains NP
Daily Examiner 1952 Ku-ring-gai Chase Dry Sclerophyll Forests (Shrubby)/Heathlands Ku-ring-gai Chase
NP
Daily Examiner 1952 Dobroyd Head, Heathlands/Dry Sclerophyll Forests (Shrubby) Sydney Harbour
Balgowlah NP
Barrier Miner 1953 Blue Mountains, Dry Sclerophyll Forests (Shrubby) Blue Mountains NP
close to Glenbrook
and Woodford
The Cessnock Eagle and South 1954 Bush immediately to  Dry sclerophyll Forests (Grassy & Shrubby) Werakata NP
Maitland Recorder the south east of
Cessnock
Mudgee Guardian and North- 1954 2 miles from Dry sclerophyll Forests (Grassy &
Western Representative Clandulla Shrubby)/Grassy Woodlands
Goulburn Evening Post 1954 Governor's Hill Dry Sclerophyll Forests (Shrubby)
Windsor and Richmond Gazette 1955 Lower Portland Dry sclerophyll Forests (Shrubby)/Wet Parr SCA
Sclerophyll Forests (Shrubby)
Western Herald 1956 Bourke District Arid Shrublands / Semi-arid Woodland Nocleche
NR/Toorale SCA
Western Herald 1957 Bourke, Wanaaring,  Arid Shrublands / Semi-arid Woodland Nocleche
and Hungerford NR/Toorale SCA
areas
Western Herald 1957 Wanaaring and Arid Shrublands / Semi-arid Woodland Nocoleche NR

Hungerford
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Nepean Times 1957 Blue Mountains, Dry Sclerophyll Forests (Shrubby) Blue Mountains NP
Blaxland, Warrimoo
and Glenbrook areas
Western Herald 1958 Bourke, Wanaaring,  Arid Shrublands / Semi-arid Woodland Nocleche
and Hungerford NR/Toorale SCA
areas
Western Herald 1960 Brewarrina District ~ Semi-arid Woodlands (Shrubby &
Grassy)/Grasslands
Western Herald 1969 Yantabulla Arid Shrublands
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Appendix 3: Supplementary materials for Chapter Four

Additional details for each of the vegetation classes in NSW (Keith 2004; see Chapter
4.2.2) and the Interim Biogeographic Regionalisation for Australia (IBRA) bioregions (see
Chapter 4.2.4) used in the analyses for Chapter Four. Additional graphs of distributions of
time since fire through time, between regions of NSW, and among vegetation classes
within each formation (see Chapters 4.4.1 and 4.4.3). Graphs of Kolmogorov-Smirnov
tests of distributions of cumulative proportion of most recent fires in each year of known
fire history from 2018 to 1926 between the NPWS_LMZ portion and the non-NPWS

portion of each vegetation class in NSW (see Chapter 4.3.4).
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Table A3. 1 Vegetation classes within NSW

For each vegetation class in NSW (Keith 2004) used in analysis: Class ID (E: East; W: West; X: Widespread; D: Dry; M: Moist; Alp: Alpine,
ArAc/Ch: Arid Shrublands (Acacia sub-formation)/(Chenopod sub-formation); DSFG/S: Dry Sclerophyll Forests (Shrubby/Grassy sub-
formation)/(Shrubby sub-formation); ForW: Forested Wetlands; FreW: Freshwater Wetlands; Gras: Grasslands; Grwd: Grassy Woodlands;
Heat: Heathlands; Rain: Rainforests; SalW: Saline Wetlands; SAGr/Sh: Semi-arid Woodlands (Grassy sub-formation)/(Shrubby sub-formation);
WSFG/S: Wet Sclerophyll Forests (Grassy sub-formation)/(Shrubby sub-formation); Class Name; area (ha) in NSW; percentage of each class
within NPWS Estate LMZs; and minimum and maximum recommended fire intervals (based on Kenny et al. 2003). See Table 2.1 for formation
names

ID Class Name Area (ha) % of class Min. fire Max. fire

in NSW in LMZ interval (years) interval (years)
E D Alp_1 Alpine Bogs and Fens 40 956 83 No burning No burning
E_D_Apl_2* Alpine Fjaeldmarks 156 14 No burning No burning
E D Alp_3 Alpine Heaths 71 652 94 No burning No burning
E D Alp 4 Alpine Herbfields 39 096 86 No burning No burning
W _D ArAc 5 Gibber Transition Shrublands 640 500 3 6 40
W _D_ArAc 6 North-west Plain Shrublands 997 104 2 6 40
W _D_ArAc 7 Sand Plain Mulga Shrublands 5235190 2 6 40
W_D ArAc 8 Stony Desert Mulga Shrublands 1969 252 7 6 40
W_D ArCh 9 Aeolian Chenopod Shrublands 1985 376 4 No burning No burning
W_D _ArCh 10  Gibber Chenopod Shrublands 2 336 328 9 No burning No burning
W_D _ArCh_11  Riverine Chenopod Shrublands 2 646 728 4 No burning No burning
E D DSFG_12  Central Gorge DSF 270 872 60 5 50
E D DSFG_13  Clarence DSF 299 532 11 5 50
E D DSFG_14  Cumberland DSF 5204 50 5 50
E D DSFG_15 Hunter-Macleay DSF 148 688 11 5 50
E D DSFG_16  New England DSF 161 060 22 5 50
E D DSFG_17  Northern Gorge DSF 410 692 43 5 50
E D DSFG 18  North-west Slopes Dry Sclerophyll Woodlands 817 536 11 5 50
X_D_DSFG_19 Pilliga Outwash DSF 314 112 29 5 50
E D DSFG 20  Southern Hinterland DSF 83616 36 5 50
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ID Class Name Area (ha) % of class Min. fire Max. fire

in NSW in LMZ interval (years) interval (years)
E Upper Riverina DSF 250 492 34 5 50
E_ Coastal Dune DSF 37 864 59 7 30
E_ North Coast DSF 135 396 21 7 30
E_ Northern Escarpment DSF 42 236 51 7 30
E_ Northern Tableland DSF 559 920 22 7 30
E_ South Coast Sands DSF 10 020 30 7 30
E_ South East DSF 459 324 42 7 30
E_ Southern Tableland DSF 917 456 32 7 30
E_ Southern Wattle DSF 6 380 49 7 30
E_ Sydney Coastal DSF 347 352 48 7 30
E_ Sydney Hinterland DSF 791 536 62 7 30
E_ Sydney Montane DSF 129 000 61 7 30
E_ Sydney Sand Flats DSF 20 000 40 7 30
E_ Western Slopes DSF 1329 276 32 7 30
E_ Yetman DSF 82 700 24 7 30
E_ Coastal Floodplain Forests 175 400 16 7 35
E_ Coastal Swamp Forests 94 428 34 7 35
E_ Eastern Riverine Forests 77 756 18 7 35
E Floodplain Estuarine Transition Forests 20 408 16 7 35
w Inland Riverine Forests 646 452 16 7 35
E Coastal Freshwater Lagoon and Floodplain Meadows 27 020 23 6 35
E Coastal Heath Swamps 25 504 58 6 35
w Inland Floodplain Shrublands 1148 536 3 6 35
w R Inland Floodplain Swamps 107 664 5 6 35
E_ M _FreW_45 Montane Bogs and Fens 16 668 19 6 35
E M _FreW_46* Montane Lakes 4168 8
E_ M _FreW 47  Temperate Swamp Forests 19 816 41 6 35
E Maritime Grasslands 3376 60 2 10
W_ Riverine Plain Grasslands 114 188 0.4 2 10
W_ Semi-arid Floodplain Grasslands 987 228 5 2 10
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ID Class Name Area (ha) % of class Min. fire Max. fire

in NSW in LMZ interval (years) interval (years)
W_D_Gras_51** Southern Riverina Grasslands 10 864 0 2 10
E D_Gras_52 Temperate Montane Grasslands 41 248 4 2 10
X_D_Gras 53 Western Slopes Grasslands 179 892 3 2 10
E D_Grwd 54  Coastal Valley Grassy Woodlands 118 264 10 5 40
X_D_Grwd_55  Floodplain Transition Woodlands 265 168 6 5 40
E D_Grwd 56  New England Grassy Woodlands 288 972 6 5 40
E D_Grwd 57  Southern Tablelands Grassy Woodlands 172 412 17 5 40
E D_Grwd 58  Subalpine Woodlands 391 352 51 5 40
E D _Grwd 59  Tableland Clay Grassy Woodlands 149 200 22 5 40
E D _Grwd 60  Western Slopes Grassy Woodlands 511 580 4 5 40
E D Heat 61 Coastal Headland and Foredune Scrubs 6 956 53 7 30
E _D_Heat 62 Northern Montane Heaths 26 904 33 7 30
E D Heat 63 South Coast Heaths 2184 91 7 30
E D Heat 64 Southern Montane Heaths 8 104 65 7 30
E_D_Heat 65 Sydney Coastal Heaths 22 436 56 7 30
E _D_Heat 66 Sydney Montane Heaths 89 812 74 7 30
E D Heat 67 Wallum Sand Heaths 17 656 53 7 30
E M_Rain_68 Cool Temperate Rainforests 37 164 83 No burning No burning
E M_Rain_69 Dry Rainforests 76 696 50 No burning No burning
E M_Rain_70 Littoral Rainforests 3112 54 No burning No burning
E M _Rain 71 Northern Warm Temperate Rainforests 194 480 57 No burning No burning
E M _Rain 72 Southern Warm Temperate Rainforests 12 124 46 No burning No burning
E M _Rain 73 Subtropical Rainforests 204 096 59 No burning No burning
E M_Rain_74 Western Vine Thickets 21712 14 No burning No burning
E M_Rain_75*  Oceanic Cloud Forest 172 0 No burning No burning
E M _Rain_76*  Oceanic Rainforests 1028 0 No burning No burning
EM SaIW 77 Mangrove Swamps 19 492 33 No burning No burning
E M Salw 78  Saltmarshes 11 044 31 No burning No burning
X_ M _Salw_79  Seagrass Meadows 19 184 5 No burning No burning
E M _Salw _80* Inland Saline Lakes 23736 26 No burning No burning
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ID Class Name Area (ha) % of class Min. fire Max. fire

in NSW in LMZ interval (years) interval (years)
W_D_SASh_81* Desert Woodlands 115 284 0 6 40
E D_SASh 82 Dune Mallee Woodlands 1222 032 7 6 40
W_D_SASh_83 Inland Rocky Hill Woodlands 472 124 7 6 40
X_D _SASh 84  North-west Alluvial Sand Woodlands 22 096 4 6 40
W_D_SASh_85  Riverine Sandhill Woodlands 114 216 5 6 40
W_D SASh 86  Sand Plain Mallee Woodlands 1279 608 15 6 40
W_D _SASh_87  Semi-arid Sand Plain Woodlands 3838332 4 6 40
W_D _SASh 88  Subtropical Semi-arid Woodlands 101 240 3 6 40
W_D _SASh 89  Western Peneplain Woodlands 4 436 480 5 6 40
X_D_SAGr_90  Brigalow Clay Plain Woodlands 29 708 3 6 40
W_D_SAGr_91 Inland Floodplain Woodlands 1709 252 5 6 40
W_D _SAGr_92  North-west Floodplain Woodlands 2 075 740 6 6 40
W_D _SAGr 93 Riverine Plain Woodlands 218 944 3 6 40
W_D_SAGr_94  Wadi Woodlands 721 232 8 6 40
E_M_WSFG 95 Montane WSF 78 784 79 25 60
E M_WSFG 96 Northern Hinterland WSF 828 296 19 25 60
E_M_WSFG 97 Northern Tableland WSF 394 892 37 25 60
E_M_WSFG 98 Southern Lowland WSF 181 092 33 25 60
E_M_WSFG 99 Southern Tableland WSF 287 804 51 25 60
E_M_WSFS 100 North Coast WSF 806 296 32 25 60
E M_WSFS 101 Northern Escarpment WSF 131512 58 25 60
E_M_WSFS 102 South Coast WSF 212 192 32 25 60
E M WSFS 103 Southern Escarpment WSF 207 248 52 25 60

* denotes classes not used in analyses; ** denotes classes with no fire history within NPWS LMZs and only used in NSW analyses
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Table A3.2 Interim Biogeographic Regionalisation for Australia (IBRA) bioregions in

NSW

For each IBRA bioregion in NSW: code used in paper; name; and area (Mha) in NSW

Code Bioregion name Area (Mha) in NSW
AUA Australian Alps 0.5
BBS Brigalow Belt South 5.6
BHC Broken Hill Complex 3.8
CHC Channel Country 2.3
COP Cobar Peneplain 7.4
DRP Darling Riverine Plains 9.4
MDD Murray Darling Depression 7.9
MUL Mulga Lands 6.6
NAN Nandewar 2.1
NET New England Tablelands 2.9
NNC NSW North Coast 4
NSS NSW South Western Slopes 8.1
RIV Riverina 7
SEC South East Corner 1.2
SEH South East Highlands 4.9
SEQ South east Queensland 1.7
SSD Simpson Strzelecki Desert 1.1
SYB Sydney Basin 3.6
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Figure A3.1 Cumulative proportion of most recent fires in each year of known fire history
from 2008 to 1926 for NSW (black line), NPWS Estate (black dotted line), and non-
NPWS Estate (grey line) for all eastern (a), all western (b), all eastern dry (c), and all
eastern wet (d) formations. The diagonal lines represent an even distribution
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Figure A3.2 Cumulative proportion of most recent fires in each year of known fire history
from 1998 to 1926 for NSW (black line), NPWS Estate (black dotted line), and non-
NPWS Estate (grey line) for all eastern (a), all western (b), all eastern dry (c), and all
eastern wet (d) formations. The diagonal lines represent an even distribution
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Proportion of formations
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Figure A3.3 Cumulative proportion of most recent fires in each year of known fire history
from 2008 to 1902 for NSW (black line), NPWS Estate (black dotted line), and non-
NPWS Estate (grey line) for all eastern (a), all western (b), all dry (c), and all wet (d)
classes. The diagonal lines represent an even distribution
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Figure A3.4 Cumulative proportion of most recent fires in each year of known fire history
from 1998 to 1902 for NSW (black line), NPWS Estate (black dotted line), and non-
NPWS Estate (grey line) for all eastern (a), all western (b), all dry (c), and all wet (d)
classes. The diagonal lines represent an even distribution
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Figure A3.6 Cumulative proportion of most recent fires in each year of known fire history from 1998 to 1902 for each vegetation class within

each formation in NSW. The thick black line represents an even distribution
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Figure A3.7 Cumulative proportion of most recent fires in each year of known fire history from 1998 to 1902 for each vegetation class within
the NPWS_LMZ portion of each formation in NSW. The thick black line represents an even distribution
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Figure A3.8 The D-test statistics and significance value (P) of a Kolmogorov-Smirnov test (ks.test; R Core Team, 2020) of distributions of
cumulative proportion of most recent fires in each year of known fire history from 2018 to 1926 between the NPWS_LMZ portion and the
non-NPWS portion of each vegetation class in NSW
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Appendix 4: Supplementary materials for Chapter Five

Additional effects plots for the best and alternate GLM models for each of the response
variables at a site and quadrat level, not shown in Chapter 5 (see Chapter 5.3.3; Table 5.4;

Table 5.5).
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Figure A4.1: Effects plot for the alternate GLM for GndCov1(S): (a) vegetation type
(mean £ SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes);
and (b) the total volume on a site. Explanations of the principal components are in Table

5.3

1.5

0.0 1

GndCow1(S)

0.5 7

-1.0 7

600 700 800

900
MAR

1000 1100 1200

Figure A4.2: Effects plot for the alternate GLM for GndCov1(S) showing mean annual
rainfall (MAR, mm) as the best predictor. Explanations of the principal components are in

Table 5.3
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Figure A4.3: Effects plot for the alternate GLM for GndCov1(Q): (a) vegetation type
(mean £ SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes);
and (b) total volume (cm?®) of logs in a quadrat. Explanations of the principal components
are in Table 5.3
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Figure A4.4: Effects plot for the alternate GLM for GndCov1(Q) showing longitude as the
best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.5: Effects plot for the alternate GLM for GndCov2(S): (a) mean annual rainfall
(MAR, mm); and (b) longitude. Explanations of the principal components are in Table 5.3
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Figure A4.6: Effects plot for the best GLM for GndCov2(Q): (a) latitude; (b) the number of logs in a quadrat; (c) the number of tree stems in
a quadrat; and (d) vegetation type (mean + SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes) interacting with
fire type (p = prescribed, w = wild). Explanations of the principal components are in Table 5.3
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Figure A4.7: Effects plot for the alternate GLM for GndCov2(Q) showing the number of
tree stems on a quadrat as the best predictor. Explanations of the principal components are
in Table 5.3
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Figure A4.8: Effects plot for the best GLM for LogCWD2(S) showing vegetation type
(mean = SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes)
as the best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.9: Effects plot for the alternate GLM for LogCWD2(S) showing mean annual
temperature (MAT, °C) as the best predictor. Explanations of the principal components are
in Table 5.3
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Figure A4.10: Effects plot for the best GLM for LogCWD2(S) showing vegetation type
(mean = SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes)
as the best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.11: Effects plot for the alternate GLM for LogCWD2(S) showing mean annual
temperature (MAT, °C) as the best predictor. Explanations of the principal components are
in Table 5.3
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Figure A4.12: Effects plot for the best GLM for the proportion of logs on a site with
scorching showing latitude as the best predictor. Explanations of the habitat variables are
in Table 2.9
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Figure A4.13: Effects plot for the best GLM for the total length of scorched logs on a site
showing mean annual temperature (MAT, °C) as the best predictor. Explanations of the
habitat variables are in Table 2.9
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Figure A4.14: Effects plot for the best GLM for LogHol1(S): (a) mean annual rainfall (MAR, mm); (b) mean annual temperature (MAR, °C);
and (c) vegetation type (mean * SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes) interacting with interval
group (interval (below) = below minimum recommended intervals; interval (within) = within recommended intervals; interval (above) =
above recommended intervals). Explanations of the principal components are in Table 5.3
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Figure A4.15: Effects plot for the alternate GLM for LogHol1(S) showing the total basal
area (cm®) of dead trees on a site as the best predictor. Explanations of the principal

components are in Table 5.3
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Figure A4.16: Effects plot for the best GLM for the presence of large log hollows (>15
cm) showing the total basal area (cm?®) of live trees on a site as the best predictor.

Explanations of the habitat variables are in Table 2.9
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Figure A4.17: Effects plot for the best GLM for TreeHol1(S): (a) vegetation type (mean *+ SE; SH = Sydney Hinterlands, ST = Southern
Tablelands, WS = Western Slopes); (b) mean annual temperature (MAR, °C); and (c) the number of different DBH size classes on a site.
Explanations of the principal components are in Table 5.3
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Figure A4.18: Effects plot for the alternate GLM for TreeHol1(S) showing mean annual
temperature (MAR, °C) as the best predictor. Explanations of the principal components are
in Table 5.3
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Figure A4.19: Effects plot for the best GLM for the presence of large tree hollows (>15
cm) on a site showing vegetation type (mean = SE; SH = Sydney Hinterlands, ST =
Southern Tablelands, WS = Western Slopes) as the best predictor. Explanations of the
habitat variables are in Table 2.9
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Figure A4.20: Effects plot for the best GLM for TreeStem1(S) showing vegetation type
(mean £ SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes)
as the best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.21: Effects plot for the alternate GLM for TreeStem1(S) showing mean annual

temperature (MAT, °C) as the best predictor. Explanations of the principal components are
in Table 5.3
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Figure A4.22: Effects plot for the best GLM for TreeStem2(S) showing vegetation type
(mean £ SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes)
as the best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.23: Effects plot for the alternate GLM for TreeStem2(S) showing mean annual

rainfall (MAR, mm) as the best predictor. Explanations of the principal components are in
Table 5.3
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Figure A4.24: Effects plot for the best GLM for the presence of large trees (DBH >60 cm)
on a site showing mean annual temperature (MAT, °C) as the best predictor. Explanations
of the habitat variables are in Table 2.9
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Figure A4.25: Effects plot for the best GLM for TreeCan1(S): (a) total basal area (cm?) of live trees on a site; and (b) vegetation type (SH =
Southern Tablelands, ST = Sydney Hinterlands, WS = Western Slopes) interacting with the total rainfall recorded between 2013 and 2020

(cm). Explanations of the principal components are in Table 5.3
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Figure A4.26: Effects plot for the best GLM for the proportion of stems with scorching on
a site showing fire type (p = prescribed, w = wild) as the best predictor. Explanations of the
habitat variables are in Table 2.9
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Figure A4.27: Effects plot for the alternate GLM for the proportion of stems with
scorching: (a) fire type (p = prescribed, w = wild); and (b) interval group (interval (below)
= below minimum recommended intervals; interval (within) = within recommended
intervals; interval (above) = above recommended intervals). Explanations of the habitat
variables are in Table 2.9
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Figure A4.28: Effects plot for the best GLM for TreeDiv1(S) showing vegetation type
(mean £ SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes)
as the best predictor. Explanations of the principal components are in Table 5.3

0.5 7 B

TreeDiv1(S)

0.0 7 B

12 14 16 18 20 22 24 26
MAT

Figure A4.29: Effects plot for the alternate GLM for TreeDiv1(S) showing mean annual
temperature (MAT, °C) as the best predictor. Explanations of the principal components are
in Table 5.3
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Figure A4.30: Effects plot for the best GLM for TreeDiv2(S): (a) mean annual
temperature (MAT, °C); and (b) vegetation type (SH = Southern Tablelands, ST = Sydney
Hinterlands, WS = Western Slopes) interacting with the total number of scorched stems on
a site. Explanations of the principal components are in Table 5.3
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Figure A4.31: Effects plot for the best GLM for TreeDiv3(S) showing vegetation type
(mean = SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes)
as the best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.32: Effects plot for the alternate GLM for TreeDiv3(S) showing mean annual
rainfall (MAR, mm) as the best predictor. Explanations of the principal components are in
Table 5.3
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Figure A4.33: Effects plot for the best GLM for ShrubDiv1(S) showing mean annual

rainfall (MAR, mm) as the best predictor. Explanations of the principal components are in
Table 5.3
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Figure A4.34: Effects plot for the best GLM for ShrubDiv2(S) showing LogCWD?2 as the
best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.35: Effects plot for the best GLM for LowShrub1(S): (a) TreeStem2; and (b)

mean annual rainfall (MAR, mm). Explanations of the principal components are in Table
5.3
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Figure A4.36: Effects plot for the alternate GLM for LowShrub1(S) showing mean annual
rainfall (MAR, mm) as the best predictor. Explanations of the principal components are in
Table 5.3
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Figure A4.37: Effects plot for the best GLM for LowShrub1(Q) showing vegetation type
(mean = SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes)
as the best predictor. Explanations of the principal components are in Table 5.3
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Figure A4.38: Effects plot for the alternate GLM for LowShrub1(Q) showing mean annual
rainfall (MAR, mm) as the best predictor. Explanations of the principal components are in
Table 5.3
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Figure A4.39: Effects plot for the best GLM for LowShrub1(S): (a) the total number of
scorched stems on a site; and (b) mean annual temperature (MAT, °C). Explanations of the
principal components are in Table 5.3
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Figure A4.40: Effects plot for the best GLM for LowShrub2(Q) showing the number of
scorched stems on a quadrat as the best predictor. Explanations of the principal
components are in Table 5.3
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Figure A4.41: Effects plot for the alternate GLM for LowShrub2(Q): (a) vegetation type
(mean = SE; SH = Sydney Hinterlands, ST = Southern Tablelands, WS = Western Slopes);
and (b) the number of scorched stems on a quadrat. Explanations of the principal
components are in Table 5.3
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Figure A4.42: Effects plot for the best GLM for LowShrub3(Q) showing fire type (p =
prescribed, w = wild) as the best predictor. Explanations of the principal components are in
Table 5.3
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