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Abstract
Fire severity is a measure of the effects of fire on the environment, and for the purposes of
this study, was defined as a measure of the immediate impact of fire on the extant vegetation,
specifically canopy scorch or consumption.

Weather, vegetation and topography each exert

considerable influence on fire behaviour and thus fire severity. These factors vary spatially and
temporally across the landscape, resulting in complex patterns of fire severity.
Following the extensive fires of January-February 2003 in south-eastern Australia, this
study investigated the relative influence of selected weather, vegetation and terrain variables on
fire severity within Kosciuszko National Park. A spatial classification of the severity of these
fires, derived from pre- and post-fire satellite imagery using the Normalised Bum Ratio (NBR)
method, was obtained from the N S W Department of Environment and Climate Change (NSW
DECC). The relationship between fire severity and the Forest Fire Danger Index (FFDI), slope,
aspect and vegetation type and height was then quantified using Generalised Linear Models.
It was found that increases in the 3 pm FFDI increase the probability of higher fire severity
to a greater degree than vegetation or terrain characteristics, suggesting that fuel moisture and
wind

speed

were the main

factors determining

variations

January-February 2003 fires in Kosciuszko National Park.

in

fire

severity during

the

Vegetation type and height were the

only other variables found to be significant, with woodland and open-forest exhibiting greater fire
severity than tall forest types. No terrain variables were found to be significant, even under less
severe weather conditions.
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Chapter 1: Introduction
1.1 Fire severity
Weather, vegetation and topography each exert considerable influence on fire
behaviour (Catchpole 2002). These factors vary spatially and temporally across a landscape
resulting in variations in fire behaviour and thus complex patterns of fire severity, particularly
for large, prolonged fires (Turner et at. 1994; Catchpole 2002; Hammill and Bradstock 2006a).
Fire severity differs from fire intensity, which is a measure of the energy output per unit
length of fire line (Byram 1959). Andrews (1986) defined fire severity as a measure of the
degree to which fire affects ecosystem characteristics, Cheney's (1993) definition is the degree
to which a site has been altered or disrupted by fire and White et al. (1996) offer a similarly
broad definition as the integration of physical, chemical, and biological changes induced by fire.
These definitions might be considered to encompass both the immediate effects of fire on the
biotic and abiotic components of an environment, such as vegetation damage and mortality, soil
exposure and modification and declines in air or water quality, as well as longer term effects on
these elements, such as modification of the structure and composition of vegetation
communities or soil erosion. These have been referred to as 'first-order' and 'second-order' fire
effects respectively (Lentile et al. 2006). Indeed, Jain et al. (2004) argue that the term has no
single definition, rather that the definition varies depending on the properties studied and how
they are measured. For example, research into remote sensing of fire severity is limited to
changes able to be detected by the chosen sensor, including canopy scorch and consumption
(Tolhurst and McCarthy 2003; Chafer et al 2004; Odion et al. 2004; Bigler et al. 2005;
Alexander et al 2006; Hammill and Bradstock 2006b; Wimberly and Reilly 2007), vegetation
damage or mortality (Broncano and Retana 2004; Kafka et al. 2001) and soil damage (Kokaly et
al. 2007; Lentile et al. 2006). However, severe fire effects including high soil organic matter
consumption, tree root damage, and reduced soil water infiltration are also associated with
smouldering surface fires (Lentile et al. 2006), which are unlikely to be detected by remote
sensing in a forested landscape. For the purposes of this study, fire severity is defined as a
measure of the immediate impact of fire on the extant vegetation, specifically canopy scorch or
consumption.
Whilst many Australian ecosystems exhibit adaptations to the characteristics of fire
regimes consisting of fire interval, intensity, type and season of occurrence (Gill 1975; Gill et
al. 2002), individual fire events may still induce ecological change, including to floristic
composition (Morrison 2002) and particularly to vegetation structure (Turner et al. 1999;
Mon ison and Renwick 2000; Doherty and Wright 2004). This may impact on fauna species
habitat availability (Turner et al. 1999; Morgan et al. 2001) and facilitate invasion by exotic
flora (Macdonald et al. 1988; Hobbs and Atkins 1990; Milberg and Lamont 1995).

Fires of even moderate intensity may impact on water quality in tiie short term and water
yield over the longer term. Vegetation and litter loss, as well as changes in soil chemistry,
substantially increase the post-fire risk of erosion from rainfall impact and surface runoff (Blong
et al. 1982; Leitch et al. 1983; Raison et al. 1983; Shakesby et al. 2003), potentially leading to
considerable amounts of nutrients and particulates entering watercourses and impoundments.
The impact of fire on the water yield of catchments will vary according to the life history
characteristics of vegetation within a catchment. Regrowth of species killed by fire, such as
Eucalyptus regnans and E. delegatensis, has been shown to substantially reduce water yields
which may take up to 150 years to recover to pre-fire levels (Kuczera 1987; Vertessy et al.
2001; both cited in Gary 2005a). However, yields are significantly less affected where
vegetation resprouts in response to fire, and in one study has been demonstrated to return to
pre-fire levels within 3 years (Kuczera 1987 cited in Gary 2005a).
The effectiveness of fire suppression activities decreases with increasing fire intensity.
The upper limit of suppression in forest fuels is generally considered to be between
2000 kW m"' and 4000 kW m"' and up to 1000 kW m"' for hand suppression (Luke and
McArthur 1978; Gheney 1981; Hirsch and Martell 1996; Gould and Sullivan 2004). These
intensities may be reached where the fuel load is greater than 15 t ha"', typical of dry eucalypt
forests between 8-15 years since the last fire, under only high fire danger conditions, whilst the
limit of hand suppression may be reached under low-moderate fire danger conditions (Gould
and Sullivan 2004), posing serious risk to life and property.
The effectiveness of fuel reduction in managing fire risk has been identified as a research
priority (Gary 2005a). Although there are a number of measures available to land managers to
reduce the probability of ignition, of the factors that directly influence fire behaviour, only fuels
can be addressed by land management at a landscape scale. Quantiiying the relative influence
of weather, vegetation and topography on fire severity may assist the management of this risk
by improving our understanding of and ability to predict fire behaviour (Hammill and Bradstock
2006b). This infonnation may also be used to enhance our management of the post-fire
landscape (Hammill and Bradstock 2006b).

1.2 The 2003 fires in south-eastern

Australia

On the and 8* of January 2003, lightning strikes from the passage of thunderstorms
across south-eastern Australia ignited an estimated 120-180 fires across north eastern Victoria,
south eastern NSW and the AGT. Over a period of up to 60 days, these fires burned an area of
approximately 1.7 million hectares (Wareing and Flinn 2003; Tasker 2005), resulting in the
deaths of four people, significant property and infrastructure damage, including the loss of over
500 homes in the ACT, and extensive disturbance to natural ecosystems (Garey et al. 2003;
McLeod 2003; Wareing and Flinn 2003).

1.2.1 Antecedent conditions
The Bureau of Meteorology considers 2002 to be one of the most severe drought years in
the nation's recorded history ( C O A G 2004). Conditions prior to the fires were influenced by a
persistent El Nino event from early 2002 which resulted in below average rainfall and above
average temperatures over much o f south-eastern Australia (Davis 2004; Taylor and Webb
2005). In the six months to 31 December 2002, rainfall totals were within the lowest 10% of all
records for much of the region, and between October 2002 and December 2002, some areas
received their lowest rainfall totals on record (Taylor and Webb 2005).

Across the region,

maximum temperatures were significantly above average, with large areas of the region 2-3°C
above the average for the three months to December 2002 (Taylor and Webb 2005).

1.2.2 Progression of the 2003 fires in KNP
In Kosciuszko National Park, approximately 40 fires were ignited by lightning on the S* of
January 2003, in addition to a fire which had been burning in the Byadbo Wilderness area since
mid December 2002 (NSW RFS 2003).

By Sunday 11 January, at least 20 fires were still

burning, covering an area of approximately 20,000 ha. Larger fires were burning in more remote
areas of the park, including the Yarrangobilly area in the north and in the Tooma and Scammels
Ridge areas further south (NSW RFS 2003). Over the next four days, to 16 January 2003, the
fires gradually increased to cover an area of over 50,000 ha, with the largest fire at
Yarrangobilly, approximately 24,000 ha (NSW RFS 2003).

The mild conditions assisted

firefighters in containing or extinguishing a number of fires. Weather conditions worsened on
17 January 2003 and spot fires contributed to the Yarrangobilly fire escaping containment lines
and growing to 33,000 ha (NSW RFS 2003). On 18 January 2003, severe weather conditions
(3 pm FFDI 56 at Cabramurra, 89 at Khancoban, FFDI described in Section 3.5.1.1) caused
most of the fires in the park to escape containment lines with major runs (NSW RFS 2003). The
total area burnt almost doubled during these runs, increasing from 80,000 ha to 150,000 ha.
Weather conditions eased on 19 January, however worsened again over the following three
days. By 22 January, over 220,000 hectares of the Park were affected by fire (NSW RFS 2003).
After three days of milder conditions, fire activity increased on 26 January, with very-high to
extreme Forest Fire Danger Ratings across the park (3 pm FFDI 37 at Cabramurra, 52 at
Khancoban).

A number of containment lines were breached under the influence of strong

north-westerly winds (NSW RFS 2003). On 30 January, extreme conditions (3 pm FFDI 55 at
Cabramurra, 66 at Khancoban) again contributed to large fire runs and numerous spot fires in
the central and southern areas of KNP, however the fires in northern KNP remained relatively
contained ( N S W RFS 2003). Over the next two days, a further 70,000 ha were burnt, and by 2
February, almost 380,000 ha of the park had been burnt since the fires began.

The fires

continued to burn for a further three weeks under variable, but predominantly moderate, weather
conditions until the bushfire emergency was officially revoked on 24 February after four days of
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rain.

The total area burnt, since 8 January 2003, was approximately 450,000 ha (Figure 1),

excluding areas burnt by the Byadbo fire that started in December 2002 and areas of far
north-eastern K N P included in the Yarrowlumla complex.
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Figure 1 Cumulative area burnt during the January-February 2003 fires in KNP. FFDI
3 pm at Cabramurra SMHEA AWS ( • ) and Khancoban AWS (A) shown on the
secondary vertical axis. Data courtesy NSW DECC and the Bureau of Meteorology.

1.3 Research aims
Following the fires, the then N S W of Department Environment and Conservation, now
N S W Department of Environment and Climate Change (NSW DECC), initiated a project to
map and quantify the severity of these fires using multi-temporal satellite imagery (EcoLogical
Australia 2005a). This research aims to analyse the N S W fire severity mapping to determine
the relative influence of a weather, vegetation and terrain on the severity of the fires in
Kosciuszko National Park.

1.4 Thesis structure
The measurement of fire severity and the factors that may influence it are reviewed in
Chapter 2.

From this review, the variables to be included in this study are identified and

hypotheses of their relative importance are proposed. Presented in Chapter 3 are a description
of the study area, an overview of the fire severity mapping project undertaken by N S W DECC,
the methods used to derive and evaluate the selected independent variables and the sampling
and analysis techniques used to test the hypotheses. The results of these analyses are presented
in Chapter 4 and the significance and implications of these resuhs are discussed in Chapter 5.
The research project and findings are summarised in Chapter 6.

Chapter 2: Literature Review
2.1 Overview
This chapter presents a review of published research on the measurement of fire severity
and the analysis of the influence of various environmental factors on it.

From this review,

potential variables that may have affected the severity of the 2003 fires in KNP are identified
and hypotheses concerning the relative importance of those variables are proposed.

2.2 Estimation of fire severity
Suitable methods for estimating the severity of a fire depend on the spatial and temporal
scale of the study as well as the chosen definition of fire severity. Studies of fire regimes may
infer the severity of historical fire events using palaeoecological data, such as charcoal and
pollen sediments (Long and Whitlock 2002; Higuera et al. 2005) or a combination of
dendro-chronological and vegetation structure analyses (Romme et al. 2003; Baker et al. 2007).
Studies of this nature are not appropriate for measuring the severity of contemporary fires as
they allow estimation of severity in only very general terms and, particularly with regard to
palaeoecological data, lack the spatial resolution necessary to map detailed patterns of severity
across a landscape (Whitlock and Larsen 2001; Romme et al. 2003). Studies of contemporary
fire events typically use a variety of field based measures (e.g. Ryan and Noste 1985; Alexander
et al. 2006), or a combination of field measurements and remotely sensed data (e.g. White et al.
1996; Hammill and Bradstock 2006a).

2.2.1 Field based estimation of fire severity
Numerous indicators have been used to estimate fire severity in the field. Ryan and Noste
(1985) suggest that fire severity can be classified by observing scorch height and depth of
ground char. However, Peterson (1985) reported that crown damage was estimated with greater
accuracy based on observations of crown scorch volume rather than from scorch height. The
Composite Bum Index (CBI) (Key and Benson 1999a) measures scorching, charring and
consumption across multiple strata from the substrate, including soil, organic matter and litter,
to the understorey and overstorey vegetation. These measurements are then averaged to derive
a severit>' value for the plot.
hi studies of fire events in Australia, vegetation-related severity indicators measured
include scorch and char height (Hammill and Bradstock 2004), proportion of understorey and
overstorey vegetation scorch and consumption (Chafer et al. 2004; Hammill and Bradstock
2006a), tree mortality, stem damage and resprouting (McCaw et al. 1994; Morrison and
Renwick 2000) and the minimum tip diameter of burnt shrub branches (Whight and Bradstock
1999; Hammill and Bradstock 2006a; Williams et al. 2006).

These measures are well suited to deriving detailed estimates of fire severity, such as for
use in testing hypotheses of the influence of environmental characteristics on severity.
However, they are very labour intensive and therefore not suited, nor commonly applied, for
mapping patterns of fire severity across a landscape.

2.2.2 Remotely sensed estimation of fire severity
Remotely sensed data have been used to measure and map the spatial patterns of fire
severity since the 1980s (Hall et al. 1980; Isaacson et al. 1980; Milne 1986).

A major

advantage of remote sensing is the capability to detect fine-scale patterns of fire severity across
large and possibly inaccessible areas.

In addition, the availability of reasonably complete

archives of satellite imagery means it may be possible to derive estimates of severity for fires
that occurred many years previously, when the immediate fire effects can no longer be observed
in the field.
A number of space-borne remote sensing platforms, with varying spatial resolutions and
spectral sensitivity, have been used to estimate fire severity. In particular, the Advanced Very
High Resolution Radiometer (AVHRR, -1.1 km resolution), the Moderate Resolution Imaging
Spectroradiometer (MODIS, 250 m - 1 km), Landsat Multi-Spectral Scanner (MSS, - 8 0 m),
Landsat Thematic Mapper (TM, - 2 8 m), Landsat Enhanced Thematic Mapper (ETM+, - 2 8 m)
and the Satellite Pour I'Observation de laTerre (SPOT, 10 m) have been used (Lentile et al.
2006). Data from the Landsat sensors are most commonly employed, presumably as they are
relatively low cost, widely available and have a suitable spatial resolution. Airborne sensors,
such as the Airborne Visible and Infrared Imaging Spectrometer (AVIRIS), and aerial
photography have also been used for fire severity estimation.
The ability to remotely sense individual fire effects is affected by the spatial resolution of
the sensor.

As the spatial resolution decreases, the within-pixel (alpha) variation increases,

leading to an averaging of the values at that point, in turn reducing the ability to determine
relationships between observed fire effects and remotely sensed values (Key 2005). Decreasing
spatial resolution also results in a decrease in between-pixel (beta) variation, reducing the ability
to effectively capture spatially heterogeneous patterns of fire severity (Key 2005). Key (2005)
observed that the 30m resolution of the Landsat TM and ETM+ sensors is high enough to
suitably capture the spatial heterogeneity of fire effects, with alpha variation which is generally
less than that found between stands of ecological communities or between distinct burned areas.
Additionally, this resolution is more efficient for storage and analysis than higher resolution
data.

This was supported by Hammill and Bradstock (2006a) who note that the 250 m

resolution of the MODIS sensor is too low to distinguish fine scale patterns of fire severity
visible from aerial photography. However, high resolution sensors typically have low temporal
resolution. For example, the Landsat (28m) and SPOT (10m) satellites have 16 and 26 day
return intervals respectively. It may take even longer to capture suitable scenes if the imagery is
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cloud affected, whereas MODIS imagery is available up to four times daily (day and night),
making near real-time monitoring of fire severity a possibility (Walz et al. 2007).

A

comparison of fire severity mapping, derived from Landsat ETM+ and MODIS data (Walz et al.
2007), found that although the spatial detail of the lower resolution MODIS-derived mapping
was reduced, the broad patterns were similar.
Typically, the severity of a fire is inferred empirically from the relationship between
post-fire spectral values or spectral changes and observed fire induced changes to vegetation or
soils (e.g. White et al 1996; Key and Benson 1999b; Rogan and Yool 2001; Chafer et al. 2004;
Hammill and Bradstock 2006a). However, early studies derived classifications from spectral
values alone (Milne 1986; Jakubauskas et al. 1990).

Milne (1986) concluded that without

adequate field observations it was difficult to relate their classification to vegetation damage.
Fire induced biophysical changes, including chlorophyll loss, decreases in vegetation and soil
moisture, reduced evapotranspiration, vegetation consumption, damage and charring, soil
charring and colour alteration, can considerably alter the spectral properties of a location (White
et al. 1996; Rogan and Yool 2001).

The absorption of the visible blue, green and red

wavelengths is reduced post-fire due to loss of leaf chlorophyll, as is the mid infrared (MIR) and
shortwave infrared (SWIR) as a result of decreased plant moisture, increasing reflectance in
these wavelengths (Rogan and Yool 2001). Conversely, absorption of the near infrared (NIR)
wavelength increases post-fire as this wavelength is sensitive to leaf tissue damage (Rogan and
Yool 2001; Eptinge/o/. 2005).
Numerous remotely sensed indices of fire severity have been employed in previous studies
(Table 1).

These are derived from various combinations or transformations of one or more

wavelength bands from either multi-temporal (pre- and post-fire) image differencing or
uni-temporal (post-fire only) imagery. Using post-fire imagery avoids some of the sources of
error inherent in multi-temporal image differencing, such as seasonal vegetation differences,
pixel misregistration and differences in sensor calibration, atmospheric attenuation, phase angle
and sun angle (van Wagtendonk et al 2004; Epting et al. 2005). Indeed, Lentile et al. (2006)
suggest that because of seasonal vegetation differences, the time between the fire event and the
date of imagery acquisition may be more important than type of imagery or index used to
estimate fire severity.

However, while these sources of error can mostly be controlled,

uni-temporal imagery is severely limited by the lack of reference data against which the degree
of change can be measured, particularly for heterogeneous areas where there is intrinsic
variability in reflectance values (White et al. 1996; van Wagtendonk et al. 2004).
The influence of vegetation structure and type on the estimation of fire severity is widely
recognised (Chuvieco and Congalton 1988; Jakubauskas et al. 1990; White et al. 1996; Kushla
and Ripple 1998; EcoLogical Australia 2005a). For example, it can be difficult to discriminate
between unbumt and lightly burnt forests where only the understorey is affected (Rogan and
Franklin 2001; Hammill and Bradstock 2006a). Additionally, the degree of change between
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pre- and post-fire images is strongly dependent on vegetation and soil moisture.

Mesic

vegetation displays a greater post-fire change than xeric types as the pre-fire reflectance of the
dryer vegetation is more similar to that of burnt vegetation than wetter vegetation types
(EcoLogical Australia 2005a) and the spectral response of sparsely vegetated xeric vegetation is
dominated by the reflectance of bright soils and ash (Chuvieco and Congalton 1988; Rogan and
Franklin 2001).

Because of this, stratification by vegetation type or indices of vegetation

greenness or wetness prior to fire severity estimation is becoming more common (e.g. Chuvieco
and Congalton 1988; Kushla and Ripple 1998; EcoLogical Australia 2005a).
Table 1 Remotely sensed indices used to estimate fire severity.
Author

Sensor

Milne (1986)

MSS

Post-fire or
multi-temporal
Post-fire

Jakubauskas et al.

MSS

Post-fire

Single
bands

Band
ratios
NIR/Red

Vegetation Multivariate
indices

Other

NIR/Red

(1990)
Multi-spectral
supervised
classification

Post-fire

Turner et al. (1994) TM

White e / a / . (1996) TM
Chuvieco and
TM
Congalton (1988)
Patterson and Yool TM
(1998)
Kushla and Ripple
(1998)

Rogan and Yool
(2001)
Key and Benson

TM

NDVI

SWIR
Red
NIR
MIR

Post-fire

NDVI

Multi-temporal

PC
TC

Post-fire
Both

Red/SWIR
MIR/Green
NIR/Green
NIR/MIR
SWIR/NIR

NDVI

TC

Multi-temporal

SWIR/NIR

NDVI
SAVI
MSAVI
NDVI'

PC
TC

NDVI
SAVI
MSAVI

PC
TC

Multi temporal'

SWIR''^

NBR'

Post-fire^

(1999b)
Epting ef al. (2005) TM

Both

ETM+

NIR

SWIR/NIR

MIR

SWIR/MIR

Thermal

NIR/MIR

NBR

NIR - near infi-ared. SWIR - short-wave infrared, MIR - mid infrared, NDVI - Normalised Difference
Vegetation Index. SAVI - Soil Adjusted Vegetation Index, MSAVI - Modified Soil Adjusted Vegetation
Index. PC - Principle Components, TC - Kauth-Thomas 'Tasselled Cap' transformation, N B R Nomialised B u m Ratio.

This studv used a fire severity classification derived using the Normalised Bum Ratio
(NBR) method (Lopez-Garcia and Caselles 1991; Key and Benson 1999b) as no other data were
available.

The NBR is calculated from the SWIR and NIR wavelengths and is based on the

observation that fire reduces NIR reflectance and increases SWIR reflectance relative to pre-fire
conditions (Key and Benson 1999b).

This was supported by Miller and Yool (2002) who

demonstrated that the greatest post-fire change in mean Landsat TM reflectance in temperate
conifer forest was exhibited by these wavelengths. The NBR is increasingly being used to
derive remotely sensed estimates of fire severity in a variety of environments such as temperate
conifer forest (Cocke et al. 2005), sub-alpine conifer forest (Kulakowski and Veblen 2007),
boreal forest (Epting et al. 2005), temperate sclerophyll forest and woodland (de Bednarik 2005;
Walz et al 2007), semi-arid savannah woodland (Smith et al. 2005) and Mediterranean conifer
and hardwood forest (De Santis and Chuvieco 2007) and is used operationally by land
management agencies in the western United States (Epting et al. 2005).
Whilst this study was restricted by data availability to the use of NBR, it is unlikely that
this will negatively impact the project. Key and Benson (1999b) used the field measured
Composite Bum Index (CBl, Key and Benson 1999a) to test the performance of Landsat TM
post-fire SWIR (band 7) and multi-temporal differenced SWIR, NDVI and NBR for estimating
fire severity. They concluded that the differenced NBR (dNBR) provided the most effective
measure of fire severity as the greater dynamic range of the response and higher correlation to
the CBl resulted in better contrast between severity levels, a broader range of severity levels and
sharper delineation of fire perimeters, van Wagtendonk et al. (2004) evaluated multi-temporal
Landsat ETM+ derived dNBR in montane and sub-alpine conifer forest using the hyperspectral
Airborne Visible and Infrared Imaging Spectrometer (AVIRIS) sensor. The AVIRIS sensor
captures 224 contiguous spectral channels with wavelengths from 0.4nm to 2.5nm, each with a
spectral resolution of approximately 0.01n.m, which is considerably greater than the Landsat
ETM+ sensor. They demonstrated that the two AVIRIS channels with the greatest combined
response to fire effects fell within or very close to the Landsat NIR and SWIR wavelength
bands and that response was high across all AVIRIS channels that comprise those bands.
Epting et al. (2005) used field measured CBl fire severity from four different fires in Alaskan
boreal forests to evaluate 13 post-fire and multi-temporal Landsat TM and ETM+ derived
indices, including single bands, band ratios, vegetation indices, multivariate transforms and the
NBR. Their results were mixed, with no index having the highest correlation with CBl at all
four sites, however NBR was ranked within the top three indices for all sites using the post-fire
data and for three of the four sites using multi-temporal differencing. The post-fire NBR and
multi-temporal dNBR were the best perfomiing indices overall, based on the sum of the ranked
con-elations from all sites. However, Epting et al. (2005) noted that the correlation between
NBR and field-based CBl was high only in forested vegetation and low in non forest types such
as woodland, scrub, and herb vegetation.

2.3 Factors affecting fire severity

The behaviour of fire is primarily determined by environmental, vegetation and
topographic conditions (Luke and McArthur 1978; Cheney 1981; Catchpole 2002). The fire
behaviour characteristics that influence the severity of a fire have generally been related to fire
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intensity and residence time (Cheney 1993; Catchpole 2002), though the relative importance of
each will vary according to the environment (Catchpole 2002) and the chosen severity
definition.
In eucalypt forest, canopy scorch may occur when leaves are subject to temperatures of
55° C for three minutes, or within seconds at temperatures of 60° C or more (Luke and
McArthur 1978).

As fire severity is defined, in this study, as a measure of the immediate

impact of fire on the extant vegetation, specifically canopy scorch or consumption, the factors
that influence this impact are assumed to be more a function of intensity, and therefore flame
and scorch height, and the height of the vegetation (Van Wagner 1977) than of residence time.

2.3.1 The role of vegetation height
Vegetation height is considered to influence fire severity, i.e. the occurrence of canopy
scorch and consumption, as taller vegetation is less likely to be affected by fire than shorter
vegetation, given a similar flame or scorch height. This assumes that flame or scorch heights,
which are related to the intensity of the fire (Luke and McArthur 1978; Nelson and Adkins
1986), are less than the height of the tallest vegetation.

For example, Kafka et al. (2001)

reported no significant effect of vegetation height on fire severity, however, much of their study
area was burned by high intensity

fire.

Height-dependent vegetation mortality, related to

cambial as well as foliar damage, has been reported in other studies (Wyant et al. 1986;
McHugh and Kolb 2003). However, this is not considered further as these effects would not be
evident, particularly from remotely sensed imagery, until one or more growing seasons have
passed (Wyant e/a/. 1986).

2.3.2 The role of fire intensity
Fire intensity is defined as the rate of heat energy released per unit length of fire line
(Byram 1959), although in practice, it is a measure of the rate of heat energy released from the
flaming combustion zone rather than the leading edge of the fire (Byram 1959; Tangren 1976).
It is estimated from the product of the heat yield of the fuel, the weight of the available fuel and
the rate of forward spread of the fire front (Equation 1). Flame height is a function of flame
length and angle, and is the mean vertical distance from the flame tip to the surface of the fuel
bed. excluding occasional higher flashes (Luke and McArthur 1978; Cheney 1981).

Flame

length has been empirically demonstrated to be closely correlated with fire intensity (Byram
1959; Thomas 1971; Albini 1976; Nelson and Adkins 1986), whilst flame angle is influenced by
wind speed (Luke and McArthur 1978; Chandler et al. 1983). As wind speed increases, the
angle of the flames becomes more acute and flame heights are correspondingly reduced (Luke
and McArthur 1978, Cheney 1981).

Luke and McArthur (1978) illustrated this relationship

with data from McArthur (1967) and Nelson and Adkins (1986) derived an approximation
(Equation 2) of Albini's (1981) flame height model. Whilst the shapes of these relationships
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differ (Figure 2), the predicted flame heights are comparable and generally agree with the
average flame heights noted by Cheney (1981) for various fire intensities.
I = HWR

Equation 1

Where: I = fire intensity (kW m '), H = the heat yield of the combustion of the
fuel (kJ kg"'),
weight of fuel consumed (kg m ") and, R = rate of forward
spread of the fire front (m s"').
H j ^

113601U,,

Equation 2

Where; Hf= flame height (m), / = fire intensity (kW m ') and t7„. = wind
speed (m s"').
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2.3.2.1

Heat yield

2.3.2.2

Weight of available fuel

The amount of heat energv', per unit mass, released by the total combustion of completely
dr\ fuel is kno\\ii as the heat of combustion (Luke and McArthur 1978). In natural conditions,
the actual amount of heat energy released is less than the heat of combustion as fuels retain
some moisture, requiring energy to dispel it (Luke and McArthur 1978). Potential energy is
also lost through incomplete combustion as a proportion of the fuel mass is released as smoke
(Luke and McArthur 1978). The amount of energy released by fuels in natural conditions is
known as the heat yield. Although the heat of combustion varies between fuel type, and heat
yield varies with the moisture content of the fuel, Luke and McArthur (1978) suggest a value of
16.000 kJ kg"' for heat yield as an average for Australian fuel types. This agrees with the
average heat > ield of -18,000 kJ kg"' for Eucalyptus grandis measured by Wang and Huffman
(1982).
Fuel comprises any combustible vegetation or organic material and may be described in
terms of amount, availability, size, type, density, ratio of live to dead material and spatial
(horizontal and vertical) distribution (Walker 1981; Catchpole 2002). They are usually
classified according to the physical dimensions (diameter, surface to volume ratio) or origin
(leaf. twig. bark, branch, etc.) (Pyne et al. 1996; Gary and Golding 2002). The size classes
reflect the rate at which the moisture content of the fuel responds to variations in atmospheric
moisture (P> ne et al. 1996; Car\ and Golding 2002).
Forest fuels generally consist of a relatively compacted surface layer below aerated,
less-compacted layers (Gould and Sullivan 2004). The surface layer is primarily composed of
leaf, nvig and bark litter, whilst the layers above can be further categorised as: overstorey tree
canop> and bark la\er; intemiediate tree canopy and bark layer; elevated fuel layer including
shrubs and juvenile understorey plants up to 2-3 m in height; and near-surface fuel layer
consisting of suspended liner, grasses, low shrubs and heath (Gould et al. 2004).
The amount of fuel is commonly referred to as the fuel load and, in forest and woodland
\ egetation. is expressed as w eight per unit area. Estimations or measurements of fuel load have,
until relatively recently (e.g. Buckley 1993; McCarthy 1999), generally included only fine
surface and near surface fuels (Luke and McArthur 1978). Fine fuels are considered to be
material less than 6 mm in diameter according to the McArthur (1967; 1973) Forest Fire-Danger
Meter (FFDM) and the size classification commonly used in North America (Pyne et al. 1996),
or less than 10 mm in diameter for the Western Australian Forest Fire Behaviour Tables (FFBT)
(Sneeuwjagt and Peet 1998). However, recent versions of the Western Australian FFBT also
allow for the condition and density of the shrub layer to be taken into account when estimating
fuel load.
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Fuel availability refers to the proportion of the total fuel quantity that is liable to be
consumed by fire and is affected by variations in fuel size, moisture content and fire behaviour
(Walker 1981). Luke and McArthur (1978) remark that a fuel moisture content of 20% to 25%
of oven-dry weight is generally sufficient to inhibit ignition and combustion. Cheney (1981)
notes that this relates to planned low intensity fires and that combustion can be maintained
above 20% moisture content if fuel loads and wind speeds are high enough. Vertical structure
and fire behaviour are also important, for example, elevated fuels are generally unavailable
except to fires of greater intensity where flame heights are sufficient to reach these fuels.
The influence of fuel characteristics, other than surface fine fuel load, on fire behaviour
has been recognised for many years, for example, Byram (1959) noted that elevated fuels
increase flame height. However, until relatively recently (e.g. McCarthy 1999; McCaw et al.
2003; Gould et al. 2004), most research into the effect of fuel on fire behaviour has concentrated
on fine surface fuels (Cary and Golding 2002; Catchpole 2002; Gould et al. 2004). Presumably,
this emphasis is a consequence of the inclusion of fine fuel load as the only indicator of fuel
quantity in the McArthur forest fire behaviour tables and meters and earlier versions of the
Western Australian FFBT (Cary and Golding 2002; Catchpole 2002; Gould et al. 2004).
The spatial and temporal patterns of fuel accumulation are influenced by vegetation
composition, disturbance history, climatic and edaphic factors (Walker 1981). Research into
forest fuel dynamics in Australia has primarily concentrated on surface litter (e.g. McColl 1965;
Ashton 1975; Fox et al. 1979; Birk and Simpson 1980; Briggs and Maher 1983; Raison et al.
1983; Raison et al. 1986; Clarke and Allaway 1996) for the reasons mentioned above. A range
of models have been proposed to predict litter accumulation over time (reviewed in Wieder and
Lang 1982; McCarthy et al. 2001; Berg and McClaugherty 2003). Of these, the negative
exponential, continuous input model of Jenny et al. (1949), and subsequently Olson (1963), is
considered to most closely approximate litter accumulation in Australian dry sclerophyll forest
(Fox et al. 1979; Walker 1981; McCarthy et al. 2001), and has been widely used in modelling
eucalypt litter dynamics (e.g. Attiwill 1968; Fox et al. 1979; Raison et al. 1983; Turner and
Lambert 2002; Paul and Polglase 2004). However, this model may not be as appropriate for the
montane ash forests of south-eastern Australia where moisture levels may increase and
flammability decrease over time with the development of understorey rainforest species
(McCarthy et al. 2001).
The negative exponential model of litter accumulation (Equation 3) represents the rate of
change in litter mass over time as a function of the rate of litter production and the fraction of
the litter mass lost through decomposition. It assumes the rate of production and decomposition
fraction are the same for all components of the litter and remain constant over time, no litter
remains after fire, and that litter will accumulate to an equilibrium or steady state, where the
rates of production and decomposition are approximately equal (Olson 1963; Birk and Simpson
1980). If an amount of litter remains after fire, then the model may be modified as per
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Equation 4 (Raison et al 1983). The assumption that all components of the litter accumulate
and decompose at the same rate is a considerable simplification and the double exponential
model \\ as developed to account for rapid loss of labile matter and the slower decomposition of
more resistant

matter (Mindemian

1968).

However, this requires knowledge of the

decomposition rate of multiple litter components, and the single exponential has been reported
to adequateU describe decomposition of bark and wood in Australia (Paul and Polglase 2004).
Where decomposition has not been measured, it may be estimated from the rate of
production and the equilibrium litter mass.

However, in many environments, an equilibrium

state ma\ never be reached because of regular disturbance, such as fire.

Additionally, the

assumption of equilibrium has been questioned and shown to be invalid in a number of studies
(reviewed in Turner and Lambert 2002). For example. Turner and Lambert (2002) reported that
litterfall and forest floor litter mass varied widely (Figure 3) in relatively undisturbed regrowth
blackbutt {Eucalyptus piJularis) and concluded there was no evidence of an equilibrium state.
Deriving the decomposition constant from a non-steady state litter load can lead to considerable
overestimation of the rate of decay (Birk and Simpson 1980).
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Figure 3 Relationship between forest floor biomass and stand age in sequential ((A),
(Birk and Bridges 1989); ( • ) , ( Y o r k 1993)) and chronosequence ((O),(Turner and
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-e ,-kl
WTiere: .V, is the liner load at time t (kg m"'), L is litter production (kg m ^ yr '), k
is a constant representing the proportion of liner mass lost through
decomposition and t is the time since fire (y).

Equation 3
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k
Where: XQ is the litter load remaining immediately after fire (kg m"^).

2.3.2.3

Rate of fire spread

The forward rate of spread of a fire is highly influenced by wind speed, slope and fuel
characteristics, including moisture content, quantity, size and spatial arrangement (Catchpole
2002). As wind speed increases, assuming the fire is burning with the wind, flame angles
become more acute, thereby increasing radiative heat transfer (Luke and McArthur 1978;
Catchpole 2002). Convective heating is also increased, as the wind promotes the flow of hot
gases over the unbumt fuel (Chandler et al. 1983; Catchpole 2002). This serves to increase the
rate at which the temperature of the fuel is raised and moisture is evaporated from it. The effect
of slope on radiative and convective heat transfer is similar (Luke and McArthur 1978;
Catchpole 2002). Conversely, flame angles are increased for fires burning into the wind or
down slope which reduces the effectiveness of radiative and convective transfer. The relative
importance of convective over radiative heat transfer is thought to increase with wind speed
(Beer 1991) and there is some evidence of a threshold wind speed, above which convection
dominates the heat transfer process (Beer 1993; Catchpole 2002). Wind speed also influences
firebrand spotting distance, which may not directly increase the rate of spread, but enables fires
to cross discontinuities in the fuel bed (Cheney 1996). In forest fuels, the rate of spread appears
to double with each 10° increase in slope and with each 30 km h-' increase in wind speed (Luke
and McArthur 1978; Noble et al. 1980). However, higher wind speeds correspondingly reduce
flame heights, which may inhibit the development of crown fires (Luke and McArthur 1978).
The effect of various fuel characteristics on the rate of spread is complex and not well
established, particularly for high intensity fires (Cheney 1996; Gould et al. 2001). The
McArthur FFDM and the Western Australian FFBT assume a linear relationship between
surface fine fuel load and the forward rate of spread of a fire (Equation 5), for constant
meteorological conditions and slope. This relationship was demonstrated by McArthur (1967)
for low-intensity fires in different aged dry eucalypt fuels with little or no understorey.
However, a number of studies have reported conflicting results. Buckley (1992) found no
significant relationship between fuel load and rate of spread in long unburnt eucalypt forest with
a shrubby or wiregrass understorey. Instead, he reported significant relationships between rate
of spread and shrub height, wind speed and moisture content of dead elevated and surface fuels.
(Cheney et al. 1992 cited in Cheney 1996) observed that the rate of spread of low-intensity fires
was directly proportional to the height of the near-surface fuel layer in Eucalyptus sieberi forest.
Cheney et al. (1993) found no correlation between rate of spread and fuel load in uniform grass
swards that had been harvested to different levels to alter the height, load and bulk density of
the fuel-bed. Initial results from low to moderate intensity experimental fires, during Project
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Vesta in Western Australia, indicated tiiat tiie rate of spread, wiien data were standardised for
slope and moisture content, was strongly related to wind speed and near surface and elevated
fuel characteristics (Gould et al. 2004). Only a weak correlation between surface fine fuel load
and spread rate was observ ed, which was not evident at all wind speeds (Gould et al. 2004).
R = aW
Where: R is the forward rate of spread (m s"'), W is surface fine fuel load
(kg m"') and a is a constant defined for the particular fuel type.

Equations

Observed spread rates from the Project Vesta fires were compared to predictions from the
McArthur FFDM and the Western Australian FFBT. The McArthur FFDM was found to
predict reasonably well at lower wind speeds and where elevated fuels were less than a metre in
height, while the Western Australian FFBT under predicted where head fires were relatively
wide (Gould et al. 2001). At greater wind speeds, or in taller elevated fuels, the FFDM under
predicted the spread rate of the majority of fires by a factor of up to three (Gould et al. 2001).
Cheney et al. (1996) and Gould et al. (2001) suggest that fuel load may not directly
influence the rate of spread of a fire, rather that it might be a surrogate measure of changes in
fuel structural characteristics that occur with increasing of fuel age, such as height, continuity
and greenness. The under prediction of the McArthur FFDM fire behaviour model with
increasing w ind speeds tends to support the results of Bessie and Johnson (1995) who modelled
surface fire intensit\ and crown fire initiation using fuel load and historical weather data in
sub-alpine conifer forest. Their results indicated that variations in fire behaviour were primarily
controlled by fuel moisture and wind speed, particularly under severe fire weather conditions.
The> reported differences in crown fire initiation with varying fuel loads only under moderate
weather conditions.
The moisture content of fuel strongly influences the forward rate of spread of fires (Luke
and McArthur 1978) (Figure 4). The moisture within the fuel absorbs heat energy, increasing
the time required to heat the fuel to ignition point (Luke and McArthur 1978; Vines 1981). The
resulting w ater vapour also affects the radiation characteristics of the flames (Vines 1981). Fuel
moisture content is expressed as a percentage, calculated from the weight of contained water
divided by the oven-dr\ weight of the fuel. The moisture balance of live plant tissue is
regulated by physiological processes, which in turn are influenced by drought, soil moisture,
solar insolation, vegetation type and differences between plant components, such as leaves and
stems (Luke and McArthur 1978). Dead fuels are hygroscopic and may gain moisture or lose
moisture until the equilibrium moisture content is reached (Chandler et al. 1983). Moisture is
gained b> adsorption of atmospheric water vapour or absorption of liquid water, while it is lost
through desorption (Luke and McArthur 1978; Chandler et al. 1983). Dead fuel moisture
content responds to diurnal changes in temperature and relative humidity, rainfall and longer
temi climatic effects, such as drought, depending on the size of the fuel particles and their
position in the litter profile (Luke and McArthur 1978). The moisture content of fine surface
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litter responds rapidly to rainfall and changes in temperature and relative humidity, while
coarser fuels and material lower in the litter profile respond less rapidly and are more influenced
b\ drought. Gill and Zylstra (2005) note that the drought index incorporated in the Forest Fire
Danger Index (FFDl, (McArthur 1967), described in 3.5.1.1) has no direct relationship with fire
behaviour, but may relate to live fuel moisture, landscape fuel continuity and the successive
involvement of litter, shrubs, bark, coarse fuels and elevated fuels in the fire.
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Figure 4 Relationship between forward rate of spread and fuel moisture content
assuming wind speeds (at 10 m in the open) of 0, 5, 10 and 20 km h"^ in dry
sclerophyll forest. Relationships were calculated from the equations of Trevitt
(1991) who derived them from data presented by McArthur (1967) and Cheney
(1981).

In addition to precipitation, soil moisture, and therefore likely dead fuel moisture, is
strongly influenced by topography and vegetation.

Slope, aspect and topographic and

\ egetation canopy shading directly affect the amount of solar radiation received at a point in the
landscape, which in turn affects drving rates and vegetation evapotranspiration (Moore et al.
1993).

The distribution of soil water is determined by slope position and surface curvature

through convergence and divergence (Moore et ai 1993).

2.3.3 Previous studies of factors affecting fire severity
Numerous studies have investigated various biotic and abiotic factors that may influence
the severity of a fire. Table 2, below, outlines a number of studies, with similar definitions of
fire se\ erity to this project, that have examined the influence of such factors. These studies
have used either remotely sensed data (aerial photography or satellite imagery) or field
measures to estimate the impact of fire on the vegetation. The spatial and temporal scales of the
studies \ ar> considerabK, as does the environment in which they were conducted.

18

Most of these studies investigated the influence of vegetation and terrain variables on fire
severity, particularly vegetation structure and composition, slope and aspect. Only a third
considered weather, either as individual meteorological variables, or as components of a fire
danger index. Alexander et al. (2006) did not include weather in their analysis, however they
acknowledge the possibility that correlations between elevation and fire severity may have been
influenced by unmeasured weather conditions. Various fuel load measures or the number of
years since the most recent fire were included in half of the studies and found to influence fire
severity in all but one of these. The factors most often found to influence fire severity were
slope and vegetation structure and composition.
Four of the studies noted below (Table 2) were conducted in south-eastern Australia.
Following the January-February 2003 south-eastern Australian fires, Tolhurst and McCarthy
(2003) and de Bednarik (2005) estimated fire severity from Landsat TM and ETM-i- satellite
imagery for areas burnt in north-eastern Victoria and the Cotter Valley, ACT respectively. No
detail on the severity estimation method was provided by Tolhurst and McCarthy (2003), whilst
de Bednarik (2005) used the differenced Normalised Bum Ratio (dNBR) method. Both studies
investigated the influence of weather, vegetation composition and aspect on the severity of these
fires. Additionally, Tolhurst and McCarthy (2003) investigated time since fire and elevation,
and de Bednarik (2005) included slope. Tolhurst and McCarthy (2003) found that, whilst there
was significant unexplained variation, weather and time since fire had the greatest influence on
fire severity. They reported that fire severity was significantly reduced by fuel reduced areas up
to 10 years old and noted that although the level of reduction in severity was only about 15%,
even for one year old fuels, this was enough in many areas to assist in fire control, de Bednarik
(2005) also found that weather was the most influential variable, explaining considerably more
variation than the other variables analysed. In similar terrain, vegetation composition was the
next most influential variable, and in complex terrain, slope was the next most influential
variable, followed by vegetation composition (de Bednarik 2005). As most areas of the Cotter
Valley had not been burnt for at least 20 years, de Bednarik (2005) concluded that the influence
of vegetation composition may have been related to differing fuel characteristics and canopy
heights between the various vegetation types.
Both Chafer et al (2004) and Hammill and Bradstock (2006b) used pre- and post-fire
Normalised Difference Vegetation Index (NDVI) from the SPOT 2 satellite to estimate the
severit>' of the 2001/2002 fires in separate areas of the Blue Mountains, NSW. By comparing
reconstructed fire intensity, modelled from weather data, topography and remotely sensed fuel
loads, to the estimated fire severity classification. Chafer et al. (2004) suggested that fuel load
and wind direction influenced fire severity to a greater degree than topography. Additionally
they found no effect of aspect and a negative relationship between slope and fire severity.
Hammill and Bradstock (2006b) also reported weather to be the dominant influence on the
severity of the fire, with aspect having no effect. Their results showed that fire severity was
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Table 2 Fire severity definition, measurement and independent variables tested in previous studies.
Study

Author

F i r e severity measurement
and definition

Weather
t
3
«
V e g e t a t i o n type

Alexander et al.

Aerial photography and field

(2006)
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Table 2 Continued.
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influenced by vegetation type and fuel age, witii severity greater under all weather
conditions in woodland and open-forest than in tall forest, and that, even during extreme
weather conditions (FFDI -100), crown fires were almost completely absent from fuels up to
four years old (Hammill and Bradstock 2006b).

However, they note that fuel age had little

effect on the occurrence of crown scorch.

2.3.4 Identification of potential explanatory variables
To summarise, fire severity is defined, in this study, as a measure of the immediate impact
of fire on the extant vegetation, specifically canopy scorch or consumption, and is considered to
be a function of fire intensity and vegetation height (Figure 5). From the preceding review, fire
intensity, in conjunction with wind speed, influences flame and scorch height and is determined
by the heat yield of the fuel, available fuel weight and the forward rate of spread of the fire.

Figure 5 Assumed relationship between fire severity, vegetation height and fire
intensity.
Vegetation height influences the occurrence of canopy scorch and consumption, as taller
vegetation is less likely to be affected by fire than shorter vegetation, given a similar flame or
scorch height.

Therefore, vegetation height was considered for inclusion as an explanatory

variable.
While heat yield does vary between fuel types and with moisture content, calculation of
heat yield is difficult and a value of 16,000 kJ k g ' has been suggested as an average heat yield
for Australian fuel types.

Therefore, heat yield was not considered for inclusion as an

explanatory variable.
The amount of available fuel is related to vegetation composition, disturbance history, such
as the time since the most recent fire, climatic and edaphic factors and variations in fuel size and
moisture content.

Surface litter may be modelled using the widely adopted negative

exponential, continuous input model.

However, this does not account for other fuel sources
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such as near surface, elevated and bark fuels. Therefore, vegetation composition, the time since
the most recent fire as well as surface litter loads were considered for inclusion as indicators of
the amount of fuel.
The moisture content of live fuels is influenced by solar insolation, vegetation type and
climatic conditions, such as drought.

The moisture content of fine surface litter responds

rapidly to rainfall and changes in temperature and relative humidity, while coarser fuels and
material lower in the litter profile respond less rapidly and are more influenced by drought.
Additionally, increases in wind speed and slope increase radiative and convective heat transfer
which, in turn, increases the rate at which the temperature of the fuel is raised and moisture is
evaporated from the fuel. Therefore temperature, humidity and drought, as indicators of fuel
moisture, aspect, as an indicator of insolation, wind speed and slope were considered for
inclusion as explanatory variables.

2.4 Hypotheses
There is considerable evidence that fire behaviour is largely influenced by weather
conditions (e.g. Turner et al 1994; Bessie and Johnson 1995; Hely et al. 2001; McCarthy and
Tolhurst 2001; Tolhurst and McCarthy 2003; de Bednarik 2005; Hammill and Bradstock
2006b). To test this the following hypothesis is proposed:
Hypothesis

1. Increases in the seventy of the weather conditions will increase the
probability of higher fire severity to a greater degree than vegetation or
terrain characteristics.

Based on the preceding review, it might be expected that under less severe weather
conditions, both vegetation and terrain characteristics will influence fire behaviour. To test this
the following hypothesis is proposed:
Hypothesis 2. The probability

of higher fire severity within less severe classes of weather is

influenced by vegetation and terrain

characteristics.
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Chapter 3: Methods
3.1 Overview
This chapter describes the study area and outlines the fire severity mapping project
undertaken by N S W DECC. The methods used to derive and evaluate the selected independent
variables, and the sampling and analysis techniques used to test the hypotheses are presented.

3.2 Study area
3.2.1 Location
The study area comprises the Kosciuszko National

Park (KNP) and

immediately

surrounding areas affected by the 2003 fires, excluding areas in Victoria and the ACT
(Figure 6). At 690,411 hectares, KNP is the largest national park in N S W (National Parks and
Wildlife Service 2006). The park straddles the Great Dividing Range between Victoria and the
Australian Capital Territoiy (ACT) and elevation within the park ranges from approximately
220 m above sea level (ASL) in the Snowy River valley to 2,228 m ASL at the summit of
Mount Kosciuszko, Australia's highest mainland peak. A west to east profile at Mt Kosciuszko,
derived fi-om digital elevation data, shows the changes in elevation fi-om the upper Murray
River, over the Main Range to the Monaro tablelands (Figure 7).

3.2.2 Climate
The climate varies considerably within the study area and is controlled primarily by the
interaction of the west to east movement of weather systems from southern Australia with the
Great Dividing Range (Brown and Millner 1988; National Parks and Wildlife Service 2006).
This results in a rain shadow effect on the eastern slopes and higher precipitation on western
facing slopes, which is further increased by orographic lifting (Brown and Millner 1988). Mean
annual rainfall is 955 mm at Khancoban (337 m ASL) near the parks western boundary,
1394 mm at the Thredbo automatic weather station (1957 m ASL) and 504 mm to the east of the
park at Cooma Airport (930 m ASL) (Bureau of Meteorology 2007). Rainfall seasonality varies
slightly from west to east, peaking in August at Khancoban, in September at Thredbo with a
November peak at Cooma (Bureau of Meteorology 2007). Winter snowfalls are common above
1000 m with the snow remaining for up to four months above 1600 m (Gellie 2005).

Annual

mean maximum and minimum temperatures are 20.5°C and 7.1°C at Khancoban, 18.1°C and
3.9°C at Cooma Airport and 8.1°C and 0.6°C at Thredbo respectively (Bureau of Meteorology
2007).
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Figure 6 Location of Kosciuszko National Park and areas burned during the January
2003 fires.
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3.2.3 Vegetation
Within the paric, 852 species of vascular plants and 221 non-vascular species have been
recorded, including over thirty species of eucalypt (Costin 1988; National Parks and Wildlife
Service 2006). The lower slopes of the range are dominated by dry sclerophyll forests which
are replaced by a broad band of montane wet sclerophyll forest on the moister western slopes
(National Parks and Wildlife Service 2006). Patches of cool temperate rainforest are found in
fire protected gullies within the western montane wet sclerophyll forests (National Parks and
Wildlife Service 2006).

Above 1500-1600 m, the sclerophyll forest is replaced by sub-alpine

woodland which persists until approximately 1700-1800 m where treeless alpine communities
occur (Gellie 2005; National Parks and Wildlife Service 2006).

In the northern areas of the

park, broad sub-alpine grassland valleys, associated with cold air drainage from surrounding
slopes, are common (Costin 1988; National Parks and Wildlife Service 2006). Figure 8 shows
the change in vegetation through a hypothetical cross-section of the park.
alpine
communities

. sclerophyll
forest

Figure 8 Hypothetical cross-section of KNP showing vegetation changes.
After Costin (1988).

3.2.4 Fire history
The history of fire in the Australian Alps has been inferred from palaeo-charcoal studies,
fire scar dendrochronology, vegetation structure, interpretation of oral and written historical
records and contemporary fire records (Banks 1988; Zylstra 2006). In general, three periods are
recognised, which exhibit marked differences in fire occurrence: pre-European (pre c. 1850);
European settlement and pastoralism (c.l850 to c.1950); and contemporary management (post
c. 1950) (Banks 1988; National Parks and Wildlife Service 2006; Zylstra 2006).
Evidence from paleo-charcoal studies and fire scar dendrochronology suggests that prior to
the mid 19* century, fires were low to moderately frequent and of moderate intensity, while
high intensity fires were rare (Banks 1988; Zylstra 2006). On average, ten fires occurred every
year in K N P while fires of more than 100,000 ha occurred approximately every 50 years
(Zylstra 2006). There is some evidence of Aboriginal burning, however this is likely to have
been limited (Zylstra 2006).
During the period of European settlement and pastoralism, the occurrence of fires
increased dramatically, with an average of 50 fires per year, an increase in high intensity fires
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and fires of more than 100,000 ha occurring approximately every 12 years (Zylstra 2006). This
was primarily due to the intentional introduction of fire as a management tool to encourage
greater growth of pasture species and to suppress the growth of shrubs. (National Parks and
Wildlife Service 2006; Zylstra 2006). However, (Zylstra 2006) suggests that this practice may
have had the opposite effect over the medium to long term, encouraging a change from grass
and herbfield dominance to shrub dominance in some areas and promoting higher intensity
fires.
Under the Hume-Snowy Bushfire Prevention Scheme, established in 1951, broad-acre fuel
reduction burning was carried out over much of the park with the intention of maintaining fuel
levels below 10 t h a ' (National Parks and Wildlife Service 2006; Zylstra 2006). This continued
until 1986 when the N S W National Parks and Wildlife Service implemented a strategic hazard
reduction policy based on asset protection and ecological considerations (National Parks and
Wildlife Service 2006; Zylstra 2006). Fire occurrence post 1950 is low, with an average of 11
fires per year within the park (Zylstra 2006). High intensity fires are moderately frequent but
usually small in extent (Zylstra 2006).

3.3 Data processing and analysis software
All spatial analysis and mapping was undertaken using ArcGlS Desktop® and Arclnfo
Workstation® version 9.2 (ESRI 2006).

The Hawth's Analysis Tools extension for ArcGIS

version 3.26 (Beyer 2004) was used for pseudo-random sampling.

Statistical analyses were

performed using R version 2.3.1 software (R Development Core Team 2006).

3.4 Fire severity data
Severity mapping of the 2003 fires in KNP and the surrounding region was obtained from
the N S W Department of Environment and Climate Change (NSW DECC). The mapping was
derived for N S W DECC (EcoLogical Australia 2005a) from pre- and post-fire Landsat 7 ETM+
satellite imagery using the Normalised Bum Ratio (NBR) method (Lopez-Garcia and Caselles
1991; Key and Benson 1999b).

The methods used to derive the fire severity mapping are

outlined briefly below, more detail is available from the N S W DECC project report (EcoLogical
Australia 2005a).
The N B R combines the near infrared (NIR) 0.76nm - 0.90nm and shortwave infrared
(SWIR) 2.08nm - 2.35nm Landsat bands as per Equation 6. N B R was calculated for the pre-fire
images, captured approximately two months before the fires, and the post-fire images, captured
between the end of January and the end of February 2003 (EcoLogical Australia 2005a) and
then differenced (Equation 7).
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Equations

NIR + SWIR
dNBR =

Equation 7

-

Fire severity was defined for the NSW DECC project as the proportion of canopy scorched
or consumed by the fires (EcoLogical Australia 2005a), and five severity classes were identified
(Table 3). Eco Logical Australia (2005a) noted from field observations that the magnitude of
change in NBR was influenced by pre-fire vegetation structure and greenness, in particular that
dryer vegetation types, such as open woodlands, exhibited lower dNBR values than wetter types
in response to a fire of similar observed severity.

Accordingly, broad vegetation structure

mapping (EcoLogical Australia 2005b) was used to stratify the study area when determining fire
severity class dNBR thresholds. The vegetation structure classes mapped for the project were
dry forest, moderately dry forest, moist forest, native grass and heath / shrub land (EcoLogical
Australia 2005b). Areas of non-native vegetation and non-vegetated land were excluded.
Table 3 Fire severity class descriptions.
Fire severity class

Description

Very Low/Unbumt

Unbumt or very low intensity ground fire

Low

Mix of green and scorched canopy with understorey bum

Moderately High

Majority of canopy scorched (80% - 100% scorched)

High

Canopy completely scorched, some vegetation consumed

Very High

Canopy totally consumed (80% - 100% consumed)

Source: Eco Logical Australia (2005a).

Observed fire severity was mapped from aerial photographic interpretation (API) for a
number of locations across the study area (EcoLogical Australia 2005a). To determine the fire
severity class dNBR thresholds, API-derived severity classes were plotted against dNBR values
for each of the vegetation structure classes and the dNBR threshold values inferred visually
(EcoLogical Australia 2005a). All fire severity classes were evident in the moist forest structure
class, the high severity class was not observed in the dry and moderately dry forest classes,
whilst only low and very high fire severity was evident in the non-forest structure classes.
Validation of the dNBR-derived fire severity classes was performed using canopy
consumption and scorch measurements collected by Environment ACT during a field survey
of fire affected areas within the ACT (Carey el al. 2003).

Eco Logical Australia (2005a)

demonstrated positive correlations between dNBR-derived fire severity class and field measured
severity for the moderately dry (r =0.62) and moist forest (r =0.60) structure classes, however
correlation was weak in the dry forest class (r =0.11).

Restricting the analysis to locations

surrounded by pixels of the same severity class improved the correlation for dry forest (r =0.44)
and moderately dry forest (r =0.75) (EcoLogical Australia 2005a). The correlation was weak
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for the shrub and heath class (r=.026) and no validation was performed for native grass due to a
lack of field survey data (EcoLogical Australia 2005a).
As the high fire severity class was only evident in the moist forest structure class (Section
3.4), it was decided to collapse the four severity classes into two: low-moderate and high-very
high fire severity and exclude data from the heath and shrub and the native grass structure
classes.

3.5 Derivation and evaluation of independent variables
3.5.1 Weather conditions
3.5.1.1

Meteorological

data

For input to calculations of the Forest Fire Danger Index (FFDI, described in Section
3.5.1.1, McArthur 1967) and slope in the direction of the prevailing wind (Section 3.5.2.2),
9 am and 3 pm meteorological records, from 8 January to 25 February 2003, and station
elevation and longitude and latitude were acquired from the Bureau of Meteorology (BOM) for
41 weather stations within 200 km of the study area and greater than 50 km from the coast
(Figure 9, Table 4). These data undergo a quality control process before being made available
and were assumed to be suitable for use in this study.

3.5.1.1 Forest Fire Danger Index
The 9 am and 3 pm McArthur Forest Fire Danger Index (FFDI) (McArthur

1958;

McArthur 1967), was calculated for each day of the 2003 fires and used as a surrogate for
individual weather variables. The FFDI includes terms to account for the effects of ambient and
antecedent meteorological conditions on fuel moisture. However, it does not take into account
variables not included in McArthur's original model but which are known to have an effect on
fuel moisture content, such as topography and canopy cover (Matthews 2004).
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Figure 9 Locations of weather stations for which meteorological data was acquired
from B O M . Station names are listed in Table 4.

The FFDI is calculated from ambient air temperature, relative humidity, wind speed and an
index of long temi drought and recent rainfall known as the drought factor (Equation 8, Noble
et al. 1980). The drought factor reflects the availability of coarser fuels and live vegetation for
combustion (Cheney 1981; Catchpole 2002), and is a function of the Keetch-Byram Drought
Index (KBDI, Keetch and Byram 1968) and the amount of, and time since, the most recent
rainfall event.

The Soil Dryness Index (SDK Mount 1972) may replace KBDI, primarily in

South Australia and Tasmania, in calculations of drought factor (Finkele et al. 2006).

The

drought factor ranges from 0 to 10 and is commonly calculated using the equation derived by
Noble el al. (1980, Equation 9), who noted that the equation did not produce an exact fit to the
Forest Fire-Danger Meter Mark 5 (McArthur 1973), but considered it sufficient for most
purposes. However, Griffiths (1999) demonstrated that the drought factor, calculated using the
Noble et al. (1980) equation, can differ from the meter by up to 5 and presented a modified
equation that minimises these differences (Equation 10). Drought factor calculations performed
bv BOM use the modified Griffiths' (1999) equation (Finkele et al. 2006).
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Table 4 Weather stations for which meteorological data was acquired from BOW!.
Station No. Station name
Elevation Distance from
( m A S L ) the coast (km)
Albury Airport AWS
164
72160
221
Beechworth Woolshed
82137
330
206
Benalla (Shadforth Street)
82002
170
170
Bombala (Therry Street)
705
59
70005
Bombala AWS
70328
761
58
Burrinjuck Dam
390
73007
163
Cabramurra SMHEA AWS
1,482
159
72161
Canberra Airport
578
99
70014
Charlotte Pass (Kosciusko Chalet)
1,755
150
71003
Cooma Airport AWS
930
99
70217
Cooma Visitors Centre
778
87
70278
Cootamundra Airport
335
228
73142
Corowa Airport
241
143
74034
Corryong (Parish Lane)
314
182
82011
Dartmouth Reservoir
350
155
82076
365
177
Edi Upper
83083
1,767
128
Falls Creek
83084
65
755
Gelantipy
84142
86
640
Goulbum Airport AWS
70330
92
670
Goulbum Tafe
70263
202
250
Gundagai (William St)
73141
184
215
Hume Reservoir
72023
188
981
Hunters Hill
82139
173
339
Khancoban AWS
72162
144
1,707
Mount Buller
83024
1,849
123
Mt Hotham
83085
108
1,295
Mt Hotham Airport
83055
53
480
Mt Moomapa
85296
93
685
Omeo Comparison
83025
144
1,735
Perisher Valley Ski Centre
71072
235
175
Rutherglen Research
82039
281
270
Temora Research Station
73038
146
1,957
Thredbo AWS
71032
116
700
Tidbinbilla Nature Reserve
70310
103
587
Tuggeranong (Isabella Plains) AWS
70339
194
645
Tumbarumba Post Office
72043
254
212
Wagga Wagga Amo
72150
199
153
Wangaratta Aero
82138
223
129
Yarrawonga
81124
150
520
Yass (Linton Hostel)
70091
234
380
Young Airport
73138

A

C-0.450+0.987xinrD;-0.0345x//+0.0338x7'+0.0234xF>

Equation 8

Where: F is the Forest Fire Danger Index, 7" is the air temperature (°C), H is the
relative humidity (%), D is the drought factor and V is the average wind
velocity in the open at a height of 1 Om (m.s"').

0.191xf7+104;xf7V+U'^ ^ I Q

Where: D is the drought factor, / is the Keetch-Byram drought index (mm), N
is the number of days since rain and P is the amount of last rain (mm).

Equation 9
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Equation 10
D = 10.5 X (1 - ,-(/+30)/40 ) ^

41/

40y^ +y + l
Where: D is the drought factor, / is the Keetch-Byram drought index (mm) and
y is the rainfall significance as defined by Equation 11.

N 1.3
0.8

1

Equation 11
(if Af > ] and P > 2 )

1.3

{\f N =QandP>2)

(if P < 2 )

Where: y is the rainfall significance, P is the rainfall (mm) during an event and
N is time since the rain event in days.
The meteorological records acquired from BOM included daily drought factor and 9 am
and 3 pm air temperature, relative humidity and wind speed. The daily 9 am and 3 pm FFDl
was calculated from these data for three BOM weather stations within or near the study area.
As FFDl varied considerably between the stations (Figure 10), it was decided to model FFDl
spatially across the study area for each day of the 2003 fires.
"mredbo AWS (1957 m)
- - - Cabramurra SMHEA AWS (1482 m)
• Khancoban AWS (339 m)

Figure 10 FFDl 9 am (a) and 3 pm (b) at Thredbo, Cabramurra and Khancoban
Automatic Weather Stations (AWS).
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3.5.1.2

Daily fire progression

Daily fire progression maps for the 2003 fires in KNP were acquired from NSW DECC to
assist calculation of FFDl for the day areas within the study area were burnt. These maps were
compiled from operational data collected for the northern and southern areas of KNP by two
separate fire control centres using a combination of field reports, airborne Global Positioning
System (GPS) coordinates and thermal imaging (pers. comm. Lynette Finch, NSW DECC). No
information was available from NSW DECC on the method used to derive individual fire lines.
It is likely that the progression data are incomplete and contain errors. During mapping of the
progression of the Victorian areas of these fires, which used similar methodology, it was noted
by Tolhurst and McCarthy (2003) that it was often not possible to get complete coverage of the
fire due to cloud, time or other operational constraints and some areas may not have been
recorded until a day or two later. Additionally, whilst the airborne thermal images were mostly
taken at night, some were captured during the day (Tolhurst and McCarthy 2003), potentially
causing areas that burnt later in the day to be recorded on a subsequent day.
Visually,

the northern

and

southern

progression

mapping appear quite different

(Figure 11). Unlike the northern mapping, the southern mapping contains many large blocky
areas, possibly approximated from field reports.

Additionally, a visual comparison of the

southern mapping with the progression map presented by Tolhurst and McCarthy (2003) for
adjoining areas in north-eastern Victoria found little agreement.

A simple validation of the

northern and southern fire progression maps was undertaken using satellite imagery. MODIS
1 km resolution, eight day composite, fire occurrence data (Justice et al. 2002) were obtained
for the period of the fires.

The MODIS data were simplified into binary rasters with zero

representing no fire detected and one representing fire detected during the eight day period. The
daily fire progression maps were converted to raster format with the same projection, pixel size
and pixel registration as the MODIS data, then compiled to match the same eight day period. A
random sample of 500 points from, or within, 1 km of the burned area, excluding areas in
Victoria, was selected. The presence or absence of fire, according to the MODIS data and the
northern and southern fire progression maps, were extracted for these points. From this, error
matrices were derived and estimates of overall accuracy and Kappa { K ) coefficients of
agreement (Cohen 1960; Hudson and Ramm 1987) were calculated.
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I

I Northern mapping

Figure 11 Daily fire progression mapping for northern and soutliern KNP.
The estimated accuracy of the fire progression mapping was considerably greater for the
northern data (81.6%, K = 0.60) than for the southern (57.4%, K = 0.17). These Kappa values
indicate moderate ( K 0.41 - 0.60) and very low ( K <0.20) correspondence between the northern
and southern daily progression mapping respectively and the MODIS data (Landis and Koch
1977). As the accuracy of the fire progression mapping is critical for determining the weather
conditions at a point, data from the southern part of the study area was excluded and all analyses
restricted to the northern part of the study area.

3.5.1.3

Mapping of FFDI across the study area

The daily drought factor and the 9 am and 3 pm air temperature, relative humidity and
wind speed acquired from BOM, in conjunction with the elevation and daily fire progression
data, were used to spatially model 9 am and 3 pm FFDI for each day of the fires.

Air

temperature declines approximately linearly with elevation and humidity generally varies
inversely with temperature (Hutchinson 1989a), therefore, to estimate the 9 am and 3 pm
temperature and relative humidity for pixels which burnt on a given day, multiple linear
regression models of 9 am and 3 pm temperature and humidity were fitted with elevation as an
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independent variable (Figure 12) and the day as a factor.

As both temperature and humidity

vary along longitudinal and latitudinal gradients (Bureau of Meteorology 2007), longitude and
latitude (Figures 13-14) were also included as independent variables. To account for possible
effects of proximity to the ocean, such as temperature moderation and increased humidity,
stations within 50 km of the coast were excluded and distance (log km) from the coast was
included as an independent variable (Figure 15).

Additionally, the 9 am and 3pm air

temperature was included as an independent variable in the relative humidity models as
humidity is strongly dependent on air temperature (Hutchinson 1989a).

The model fit was

slightly better for temperature (9 am F2,9,i406=44.88, p<0.0001, r M . 8 7 4 8 ; 3 pm ^2,9,1184=97.62,
/7<0.0001, /•^=0.9475) than for relative humidity (9 am F263,i3io=19.35, p<0.0001, r^=0.7953;
3 pm f263,1086= 13.2, p<0.0001, r^=0.7617).

These functions were combined with the digital

elevation data (see Section 3.5.2), pixel longitude and latitude and calculations of distance to the
coast, to derive daily 9 am and 3 pm temperature and relative humidity maps across the study
area. The residuals from the regression models were then spatially interpolated over the study
area using inverse distance weighting ( I D W ) (Philip and Watson 1982) and added to the derived
temperature and humidity maps to incorporate residual effects of local spatial autocorrelation.
I D W was used as the method is an exact interpolator and, as such, the output values are limited
to the range of the values used to interpolate (Isaaks and Srivastava 1989).
Although local winds may differ considerably, in both speed and direction, from prevailing
winds as a result of the strong effects of topography and vegetation on wind flows (Luke and
McArthur 1978; Raupach and Finnigan 1997; Catchpole 2002), modelling complex wind-terrain
interactions was considered beyond the scope of this project. Therefore, a similar approach was
adopted to that used by Gary (2002) and McCarthy and Gary (2002). The 9 am and 3 pm wind
speeds of the closest weather station to a pixel was assumed to be indicative of the prevailing
wind conditions in the morning and afternoon and were assigned to that pixel for the day on
which that it burned, based on the daily fire progression mapping.

Distances between a pixel

and the closest weather station ranged from 0 to 52 km (M- = 21 km, o = 10.8), as shown in
Figure 16. Gorrecting for the effects of vegetation on wind speed was not required as the FFDl
requires average wind speed in the open as input.
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Spatially interpolating daily rainfall, a component of the drought factor, which exhibits
c o m p l e x spatial patterns related to topography and wind, is difficult (Hutchinson 1998) and was
also considered beyond the scope of this study. Therefore the daily drought factor of the closest
w e a t h e r station to a pixel (Figure 16) was assigned for the day on which that pixel was burnt.
T h e 9 am and 3 pm FFDI were then estimated and mapped for each pixel for the day on
w h i c h it burned using the drought factor and 9 am and 3 pm wind speeds and the modelled 9 am
and 3 pm temperature and humidity.

The final FFDI values were log transformed, which

reflects the approximately log-linear relationship between M c A r t h u r ' s (1958;1967) Forest Fire
D a n g e r Rating and the FFDI.
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Figure 16 Distance from pixels in the study area to the closest weather station

3.5.2 Terrain variables
T w o Digital Elevation Models ( D E M s ) were available for KNP, the (Geoscience Australia
2000) 0.0025 decimal degree (~250m) resolution D E M and the Land and Property Information,
N S W (LPI 2000) 25m resolution D E M .

The ~250m D E M was available in a geographic

coordinate system and the 25m D E M in the Australian M a p Grid ( A M G ) Zone 55 projection.
Both D E M s were referenced to the Australian Height Datum (AHD).

Both D E M s were

interpolated from topographic data using the A N U D E M package (Hutchinson 1989b).
Accuracy of the elevation and associated variables derived from a D E M , such as slope,
aspect or curvature, is affected by D E M resolution. C h a n g and Tsai (1991) demonstrated that
the accuracy of slope and aspect values decreases with D E M resolution as a result of averaging
of values over a larger area. For example, a lower resolution D E M will under represent steep
slopes and over represent gradual slopes as can be seen in Figure 17.
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Figure 17 Frequency of slope classes for the 25m and ~250m DEMs
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T h e 25m D E M (LPI 2 0 0 0 ) w a s therefore selected for the analysis of fire severity as the
elevation, slope and aspect values derived from it will more accurately represent the topography
of the study area than the lower resolution ~ 2 5 0 m D E M .

Additionally, the 25m D E M was

available in the same horizontal coordinate system as the fire severity mapping, avoiding the
need for re-projection and the resampling error that may occur during projection of raster data.
T h e 2 5 m D E M was derived f r o m 1:25,000, 1:50,000 and 1:100,000 scale topographic
point (spot height) and line (contour and stream) data (LPI 2000), interpolated using the
discretised thin plate spline technique incorporated in the A N U D E M software (Hutchinson
1989b).

3.5.2.1

Slope and aspect

Slope and aspect were calculated from the 25m D E M using Horn's (Horn 1981) algorithm
as implemented in the A r c G I S software (Jones 1998; ESRI 2006). This algorithm uses distance
weighted coefficients of the surrounding eight pixels to calculate the slope and aspect of each
pixel (Jones 1998).
Aspect is calculated in degrees, with northerly values located at opposite ends of the
0 - 3 6 0 ° scale, and as such, is unsuitable for quantitative analysis without transformation
( M c C u n e and Keon 2002).

Rather than classifying aspect from degrees into nominal values

representing points of the compass, aspect was transformed to an interval value from 0
(southeast) to 1 (northwest) (Figure 18) using the 'Heat Load Index' ( M c C u n e and Keon 2002),
with modification for the southern hemisphere (Equation 12). This represents an approximate
index of the solar radiation received at a point during the afternoon ( M c C u n e and Keon 2002),
however, this index is quite limited in that it does not take into account the effects of elevation,
slope, topographic shading or latitude.

A-

cos((Z)+45)x;r/180)+l

2

Where: A is transformed aspect and D is aspect in degrees

Equation 12
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Figure 18 Aspect transformed from degrees to an interval scale.

3.5.2.2

Slope in the prevailing wind direction

There are a number of methods that have been used to simulate fire events (e.g. McCarthy
and Gary 2002; Keane el al. 2004; Gary el al. 2006), however it was decided the complexity of
these approaches was beyond the scope of this study. Instead, slope in the direction of the 3 pm
wind, at the closest weather station, was used as a surrogate for modelling slope in the direction
of spread of the fire. This was calculated from the slope and aspect of the surface and the 3 pm
wind direction for each day of the fire and assigned to pixels which burnt on that day
(Equation 13). Figure 19 illustrates these calculations for a hypothetical surface. In addition to
the assumption that the 3 pm wind direction reflected the conditions experienced at a given
pixel at the time it was burnt, there are two simplifying assumptions inherent in this calculation.
Firstly, as it was not possible to determine what areas of the study area were burnt by head,
flank or back fires, it is assumed that all parts of the fire spread in the same direction as the
wind.

Secondly, it is assumed that the spread is unaffected by the slope of the surface. For

example, given a wind direction perpendicular to the slope (D in Figure 19), the fire is assumed
to spread directly across the slope and not creep slightly uphill.

S

w

=5xcos((^-^)x;r/180)

Where: 5,,, is the slope in the 3 pm wind direction, S is the slope of the
surface, W is the 3 pm wind direction and A is the aspect

Equation 13
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Figure 19 Hypothetical surface with 30° slope and 0° aspect. Wind directions are
indicated by solid arrows: (A) 0°, (B) 180°, (C) 225°, and (D) 90°. Slope in the
direction of each wind vector calculated by Equation 13: (A) 30°, (B) -30°, (C) -21.2°,
and (D) 0°.

3.5.3 Vegetation characteristics
3.5.3.1

Vegetation type

Vegetation mapping was required for inclusion as a separate independent variable and to
incorporate into modelling o f fuel loads. Five digital vegetation maps that covered all or part o f
K N P were available.

These are outlined in Table 5.

O f these, only Gellie (2005) met the

requirements o f a suitable scale, complete coverage o f the study area, appropriate validation and
fine enough level o f detail and so was selected for use in this study.

Author

Scale

Coverage

Validation*

Detail**

(Camahan 1990)

1:5,000,000

Australia

N/A

Low

(Costin 1954)

1 ;400,000

Monaro region

N/A

High

1:100,000

Alpine region

N/A

Moderate

( M c R a e 1990)

1:100,000

KNP

Low

Low

(Gellie 2005)

1: 25,000
to 1:100.000

SENSW

High

Moderate

digitised by (Keith 2002)
( W i m b u s h and Costin
1973)
digitised by (Keith 2002)

vdiiudiiv.'uvjv.jviipiiv/ii.

,

I—

V

( M c R a e 1990), High - extensive validation performed (Gellie 2005).
••Detail description (fi-om Keith 2002): High - Map units described thoroughly with lengthy species
lists and indices of abundance or frequency, comments on floristic relationships, descriptions of
veaetation structure and habitat characteristics. Moderate - Map units described in moderate detail with
brief species lists, and comments on vegetation structure and habitat characteristics and explanatory
diasrams. Low - Map units described in cursory detail with up to four dominants identified but no species
lists, brief description of vegetation structure and little or no information about habitat characteristics.
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The vegetation type data were derived from a classification of several thousand vegetation
samples with full floristic and cover abundance data compiled from a number of previous
surveys. Vegetation types were then mapped using a combination of expert knowledge, API,
contextual environmental spatial data at scales of 1:25,000 and 1:100,000, including lithology,
climate and terrain, and supplemented by generalised additive modelling (Gellie 2005).
Excluding non-native vegetation and non-vegetated land cover, 15 vegetation types occur
in the northern part of the study area (Table 6). These include alpine heath, sub-alpine heath,
grassland and herbfield, sub-alpine woodland and forest, montane forest and dry shrub forest
and woodland (Gellie 2005).

3.5.3.1 Time since fire

Zylstra (2006) compiled considerable documentary and anecdotal evidence to derive fire
history maps of the Australian Alps region, supplementing the existing fire history mapping
databases of the ACT, NSW and Victorian land management agencies. Unfortunately these
data were not available in time for use in this study. Instead, the existing fire history mapping
was obtained as vector data from (NSW DECC 2005). These data map the areas of planned and
unplanned fires in NSW, for each fire season, from 1938-39 onwards. The data for each fire
season were converted to raster format with the same projection, pixel size and pixel registration
as the fire severity data and then overlaid to calculate the number of years since the most recent
fire.
No validation or accuracy assessment of the NSW DECC (2005) mapping was undertaken
as part of this study. A number of fires mapped by Zylstra (2006) are either missing from, or
incompletely mapped in, the NSW DECC (2005) mapping, particularly in the pre-1960's data.
For example, Zylstra's (2006) mapping of the unplanned 1938-39 fires, including the "Black
Friday" fires, shows a large portion of, what is now, KNP and the surrounding region was burnt,
yet in the NSW DECC mapping, the area recorded as being burnt includes only a relatively
small area of less than 40,000 hectares in Brindabella National Park to the north. The
post 1960's NSW DECC (2005) data, although still incomplete in earlier years, is likely to be
more accurate than previous mapping as a result of the use of modem mapping techniques
(Zylstra 2006). Presumably, accuracy of the more recent fire mapping has increased over time,
as a result of improvements in the documentation of fire events and advances in mapping
technology. However, the increased uncertainty of the earlier mapping is unlikely to be an issue
as litter loads in dry sclerophyll forest generally accumulate rapidly for the first 10 years before
they approximate an equilibrium state (Raison et al. 1983; Gould and Sullivan 2004).
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Table 6 Vegetation types in northern KNP

Vegetation Type
02ci Tableland Moist Fem/Herb-Grass Forest

Dominant species
Eucalyptus viminalis, E.bicostata and E.
robertsonii
03b Sub-Alpine Ash Shrub Forests
Eucalyptus delegatensis, E. pauciflora, E.
delegatensis and E. daltympleana
04a Montane Peppermint Grass/Shrub Forest
Eucalyptus robertsonii and E. dalrympleana
04c ST Montane Mountain Gum-Snow Gum Forest Eucalyptus dalrympleana, E. pauciflora, E.
rubida and E. robertsonii
05b ST Dry Tussock Grass Forests
Eucalyptus macrorhyncha, E. dives and E.
mannifera
05c SWS/ST Dry Grass/Shrub Forests
Eucalyptus macrorhyncha and E. nortonii
05e ST/CT Moist Grass/Shrub Forests
Eucalyptus macrorhyncha and E. robertsonii
07h Western ST Dry Shrub Forests
Eucalyptus dives
09c ST Montane Wet Heath/Swamp
Eucalyptus pauciflora, E. stellulata, Hakea
micrantha, Baeckea utilis and Epacris brevifolia
09e ST Swamp /Open Woodland
Eucalyptus pauciflora and E. stellulata
1 Oa Sub-Alpine/Montane Rocky Heath Complex
Leptospermum micromyrtus, Kunzea ericoides,
Calytrix tetragona, Stypandra glauca and
Persoonia pinifolius
1 Of Herb-Grass Forest on Limestone Outcrops
Eucalyptus viminalis
12b Kosciuszko Sub-alpine Snow Gum Woodland Eucalyptus niphophila
13b Alpine/Sub-alpine Herbfields
Poa sieberiana and P. costiniana
13c Alpine Heath/Bog Complex
Poa costiniana
Vegetation type descriptions from Gellie (2005). ST = Southern Tablelands, CT = Central Tablelands,
SWS = South West Slopes.Fuel loads

Litter loads for 2003 were estimated using the widely adopted negative exponential model
(Equation 3 p. 14, Figure 20), (Jenny et al. 1949; Olson 1963). This simple modelling assumed
100% consumption of litter for both planned and unplanned fires, however this is unlikely to be
the case, particularly for lower intensity fires (Walker 1981; Gary and Golding 2002). For
example, Walker (1981) notes that only 70% of fine fuels were reduced after a low intensity
planned fire in Northern NSW eucalypt forest while (Morrison et al. 1996) predicted 0.3-0.7 kg
in"^ of fine fuel remains unbumt after low-moderate intensity fire in woodland. Nor does this
modelling account for potential changes to the rates of litter production and decomposition,
such as rapid initial accumulation of litter, where the fire is of an intensity sufficient to scorch
but not consume leaves (O'Connell et al. 1979), reductions in litter fall following higher
intensity fire (Morrison et al. 1995) or fire-induced reductions in the rate of decomposition
(Raison t-r a/. 1986).
Inputs to the litter load modelling were time since fire data, derived from the NSW DECC
fire history mapping, and vegetation type data (Gellie 2005). Published litter production and
decomposition constants were assigned to vegetation types based on dominant canopy species
from Gellie (2005) (Table 7). Where no litter constants were available for a vegetation type.
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that type was assigned published constants from similar vegetation types. For constants with
muhiple values, the average of the given values was used.
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Figure 20 Negative exponential litter models for the vegetation types and
accumulation and decomposition constants in Table 7.
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Table 7 Parameter estimates for negative exponential litter accumulation models. L is litter fall (kg.m
Vegetation Type

and k is the decomposition constant.

Reference

Reference Type

0.238

Raisone/a/, (1986)

Sub alpine forest (£. delegatensis - Brindabella Range, ACT)

0.428

0.238

Raison et al. (1986)

Sub alpine forest {E. delegatensis - Brindabella Range, ACT)

0.339

0.228

Raisone/a/. (1986)

Sub alpine forest (£. dives - Brindabella Range, ACT)

0.409

0.242

Raison et al. (1986)

Sub alpine forest (£. pauciflora - Brindabella Range, ACT)

05b ST Dry Tussock Grass Forests

0.339

0.228

Raison et al. (1986)

Sub alpine forest (£. dives - Brindabella Range, ACT)

05c SWS/ST Dry Grass/Shrub Forests

0.339

0.228

Raison e/a/. (1986)

Sub alpine forest (£. dives - Brindabella Range, ACT)

05e ST/CT Moist Grass/Shrub Forests

0.339

0.228

Raison e/a/. (1986)

Sub alpine forest (E. dives - Brindabella Range, ACT)

07h Western ST Dry Shrub Forests

0.339

0.228

Raison et al. (1986)

Sub alpine forest (£. dives - Brindabella Range, ACT)

09c ST Montane Wet Heath/Swamp

0.409

0.242

Raison et al. (1986)

Sub alpine forest (£. pauciflora - Brindabella Range, ACT)

09e ST Swamp/Open Woodland

0.409

0.242

Raison et al. (1986)

Sub alpine forest {E. pauciflora - Brindabella Range, ACT)

10a Sub-Alpine/Montane Rocky Heath Complex

0.150

0.110

Jones (1968) in (Walker 1981)

Heath (Frankston, Victoria)

1 Of Herb-Grass Forest on Limestone Outcrops

0.339

0.228

Raison e/a/. (1986)

Sub alpine forest (£. dives - Brindabella Range, ACT)

12b Kosciuszko Sub-alpine Snow Gum Woodland

0.409

0.242

Raison et al. (1986)

Sub alpine forest (£. pauciflora - Brindabella Range, ACT)

13b Alpine/Sub-alpine Herbfields*

0.124

0.106

Marsden-Smedley and Catchpole (1995)

Button grass moorland

13c Alpine Heath/Bog Complex*

0.124

0.106

Marsden-Smedley and Catchpole (1995)

Button grass moorland

L

k

02d Tableland Moist Fem/Herb-Grass Forest

0.428

03b Sub-Alpine Ash Shrub Forests
04a Montane Peppermint Grass/Shrub Forest
04c ST Montane Mountain Gum-Snow Gum Forest

Except where noted (*), parameters were collated from the original references by Cary and Gelding (2002). Some parameters are derived from values in the original references by
Gary and Golding (2002). Dominant species for each vegetation type are presented in Table 6.
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3.5.3.2

Vegetation height

Vegetation height was estimated from the difference between the (LPI 2000) 25m DEM
and hiterferometric Synthetic Aperture Radar (InSAR) elevation data captured in February 2000
during the Shuttle Radar Topography Mission (SRTM) (Rabus et al. 2003; Farr et al. 2007). As
the C-band InSAR instrument carried on board the SRTM has a relatively short operating
wavelength of 5.6 cm, returns are influenced by vegetation height, structure and density
(Kellndorfer et al. 2004; Farr et al. 2007). The penetration of the radar signal decreases with
increasing vegetation density, effectively returning the elevation of the canopy rather than
ground level for dense vegetation. This effect has been used to estimate tree height by
calculating the difference between the SRTM DEM and a ground level DEM, usually derived
from topographic mapping (e.g. Brown and Sarabandi 2003; Kellndorfer et al. 2004; Lefsky et
al. 2005; Simard et al. 2006; Walker et al. 2007).
The SRTM data were originally captured at 1-arc second resolution (~28m) and spatially
averaged to 3-arc seconds (~83m) before being made publicly available (Farr et al. 2007). The
data were made available in geographic coordinates using the WGS84 horizontal and vertical
datums. To minimise error when reprojecting to the AMG Zone 55 coordinate system, the
centroids of the SRTM pixels were extracted and projected as points. These points were then
spatially resampled to 25m using a spline interpolator in an attempt to recreate the information
lost, particularly on peaks and valleys, by the original resampling. The vertical reference was
not adjusted as the difference between the WGS84 vertical datum and the Australian Height
Datum is generally less than one metre (pers. comm. Phil Tickle, Director, National Mapping,
Geoscience Australia).
Kellndorfer et al. (2004) and Walker et al. (2007) demonstrated a relative vertical error of
between ± Im and ± 4m when estimating vegetation height by averaging the surrounding 25
pixels. This method was replicated to estimate vegetation height by subtracting a 5*5 pixel
moving window average of the LPI (2000) DEM from 5x5 pixel moving window average of the
SRTM DEM.
Estimated vegetation heights varied considerably, however most values were reasonable
with the 5"' and 95"'' percentiles -12 m and 35 m respectively. The estimated heights ranged
from -104 m to 178 m (n = 10.5 m, o = 15.0, Figure 21), suggesting a certain level of error
inherent in the data. Values less than -10 m (5.7%), were excluded, negative values greater
than -10 were assigned a height of 0 m (14.2%) and values greater than 50 m were assigned a
height of 50 m (1.4%). Visually, the estimated vegetation heights clearly distinguish between
cleared and vegetated areas (Figure 21). Of particular note, is the visibility of the power line
easement in the centre of the map.
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Figure 22 Map of estimated vegetation height in the south west of the original study
area (a) and 2002 Landsat natural colour image of the same area (b).
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T h e availability of Im resolution ground and first return Light Detection and Ranging
( L i D A R ) ( M D B C 2004) D E M s for a small area, outside the study area but overlapping the
S R T M and LPI (2000) D E M s , allowed an independent evaluation of the estimated vegetation
heights. The L i D A R data has been extensively validated and shown to have a vertical accuracy
of 0.33m at the 9 5 % confidence level ( M D B C 2004).

The ground and first return L i D A R

D E M s were resampled to 25m resolution by spatial averaging to match the S R T M and LPI
DEMs.

Vegetation height was then estimated by subtracting the ground level L i D A R D E M

f r o m the first return L i D A R D E M and compared to the vegetation heights estimated from the
S R T M and LPI D E M s .
A large proportion (93%) of the SRTM-derived vegetation height estimates were within
± 10m of those derived from the L i D A R data, while 6 6 % were within ± 5m (Figure 23).

This

w a s considered acceptable as it suggests 2/3 of values will be accurate to within 10% of the
0-50 m height range, whilst most will be accurate to within 20%.
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Figure 23 Difference (m) between vegetation heights estimated from
the validation data (LIDAR) and the fire severity study data (SRTM).

3.6

Analyses
3.6.1 Spatial and temporal autocorrelation
Data that are more likely to have similar values the closer they are, either spatially or

temporally, are said to be positively autocorrelated.

As such, autocorrelated data are not

independent and do not provide a full degree of freedom with each sample point.

This

represents a form of pseudoreplication (Cliff and Ord 1981) and increases the possibility of
incorrectly rejecting the null hypothesis (i.e. a Type I error), as the over-estimation of the
degrees of f r e e d o m artificially narrows the confidence intervals (Legendre 1993; Griffith 2005).
Autocorrelation will also be present in the residuals following the fitting of most traditional
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statistical models which complicates the analysis of such data as the presence of autocorrelation
violates the assumption of independence of these models (Cressie 1993). Additionally, there is
evidence that the presence of residual spatial autocorrelation can exaggerate the relative
importance of autocorrelated variables, biasing the outputs of model selection techniques and
the final results of models with multiple explanatory variables (Lennon 2000). This, however,
is not universally accepted (Hawkins et al. 2007).
There are numerous methods available to quantify and visualise the presence of spatial
(Cliff and Ord 1981; Cressie 1993) and temporal (Chatfield 2003) autocorrelation.

Spatial

autocorrelation is commonly visualised using semivariograms or spatial correlograms which
plot the relationship between pairs of points at various distances or "lags" (Legendre 1993) and
may also be explored and mapped using local spatial statistics, such as Getis-Ord G* (Getis and
Ord

1995) or Local Moran's / (Anselin

1995).

The overall significance of spatial

autocorrelation may be tested using global spatial statistics such as Moran's / or Geary's C
(Cliff and Ord 1981).

Temporal autocorrelation may be visualised using a lag plot of the

variable of interest against values from one or more previous time steps (Venables and Ripley
2002).

The significance of temporal autocorrelation may be tested using lagged correlation

coefficients (Venables and Ripley 2002).
To assess the spatial autocorrelation within the explanatory variables and the binomial
Low-Moderate and High-Very High fire severity classes, semivariograms were generated and
Moran's / statistics estimated. For this, a simple random sample of 1,000 points was selected
and the values of longitude, latitude, binomial fire severity and explanatory variables were
extracted for each of the sample points. To assess the temporal autocorrelation of the binomial
fire severity and FFDI variables, lag plots and Pearson correlation coefficients were generated
for a single day lag. For this, the day each sample point burned was extracted using the daily
fire progression data and the proportion of points that were of High-Very high fire severity was
calculated for each of those days.

The 3 pm FFDI at the Cabramurra weather station was

calculated from the BOM meteorological data for each day of the fires.
As with the Pearson correlation coefficient, the Moran's I statistic may range from -1,
indicating perfect negative autocorrelation, to 1, perfect positive autocorrelation. When / = 0,
no autocorrelation is present. The binomial Low-Moderate and High-Very high fire severity
classes display moderate positive spatial autocorrelation (7=0.54, p<0.0001), however, temporal
autocorrelation

was

not

significant

(r,9=0.34, /7=0.07).

Significant

positive

spatial

autocorrelation was present in all explanatory variables and ranged from weak to moderately
strong (Table 8), whilst temporal autocorrelation was not significant in the 3pm FFDI at
Cabramurra weather station (r2o=0.19,p=0.20).
The semivariograms (Figure 24) demonstrate that the values of the binomial fire severity
and explanatory variables are less variable between closer sample points than those further
away, though there is still considerable variability at smaller distances for severity, vegetation
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height and litter load values. The lack o f temporal autocorrelation at a lag o f one day for the
proportion o f sample points burned with high-very high fire severity and the 3 pm FFDI at
Cabramurra weather station can be seen in Figure 25.

As temporal autocorrelation was not

significant for either severity or FFDI, it was not considered further.
Table 8 Moran's / spatial autocorrelation coefficients for fire severity and explanatory
variables.
Variable

I

P

Fire severity

0.56

<0.0001

Time since fire

0.76

<0.0001

log(FFDI 3 pm)

0.75

<0.0001

log(FFDl 9 am)

0.70

<0.0001

Vegetation type

0.67

<0.0001

Litter load

0.63

<0.0001

Slope

0.38

<0.0001

Vegetation height

0.34

<0.0001

Slope (wind direction)

0.09

<0.0001

Aspect

0.06

<0.0001

There are two general categories of methods available to handle spatially autocorrelated
data. Firstly, there are those that attempt to remove the spatial dependency so that traditional
statistical tests may be undertaken.

These include minimum separation sampling and spatial

filtering methods (Legendre 1993; Griffith 2005).

Minimum separation sampling ensures that

the distance between sample points is greater than the distance at which spatial autocorrelation
is significant (Legendre 1993).

This method, although commonly employed, presumably

because o f its simplicity, is not well regarded as it often involves a considerable loss o f
information (Legendre 1993) and can bias the sampling against points towards the edges o f the
study area. Spatial filtering methods, such as trend surface analysis, spatial variate differencing
or eigenvector decomposition, attempt to separate data into a spatial variate containing the
autocorrelation and an aspatial attribute that is free o f spatial autocorrelation.

Alternatively,

there are a number o f methods that modify the statistical model to account for spatial
autocorrelation (Legendre 1993; Fortin and Payette 2002).

One approach is to reduce the

degrees o f freedom proportional to the amount of spatial autocorrelation (Fortin and Payette
2002).

Other methods, such as simultaneous autoregressive models, represent the spatial

structure o f the variables, either with a linear combination of the sample coordinates, or by
constt-ucting a matrix of the distances between samples, however, these require advanced
statistical knowledge (Cliff and Ord 1981; Cressie 1993; Legendre 1993).
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Following statistical advice (pers. comm. Bob Forrester, Statistical Consulting Unit, ANU),
it was decided to implement a simple spatial filtering approach in conjunction with the selection
of a large sample size. The spatial filtering entailed fitting rescaled ( 0 - 1 ) geographic
coordinates to the right hand side of the statistical models. This is unlikely to be as robust as
more advanced methods, however, it is simple to implement and considerably easier to
interpret. The rescaling maintained the aspect ratio between the longitude and latitude
coordinates.
3.6.2 Sampling

A simple random sample of 5,000 points was selected from a total o f - 1 . 7 million pixels.
The values of the fire severity classification and the explanatory variables were then extracted
for each of the sample points. These values were examined and any missing values and obvious
errors were removed, for example, negative vegetation height estimates. Non forest and
woodland vegetation were also excluded.
For Hypothesis 1, that increases in the severity of the weather conditions will increase the
probability of higher fire severity to a greater degree than vegetation or terrain variables, all
remaining samples were included. For Hypothesis 2, that the probability of higher fire severity
within less severe classes of weather is influenced by vegetation and terrain variables, a subset
of the samples was extracted where the 3 pm FFDI was less than 24. As such, samples having a
Low, Moderate or High Forest Fire Danger Rating (FFDR) were included, while those with a
Very High or Extreme FFDR were excluded.
3.6.3 Generalised Linear Modelling

The discrete nature of the response variable, fire severity class, suggests a Generalised Linear
Model (GLM) approach would be suitable to quantify the relative influence of the explanatory
variables. Unlike simple linear regression, GLM's do not assume constancy of variance, nor do
they assume the error distribution of the dependent variable to be normal. Rather, the error
distribution may from one of a number of exponential probability distributions, such as the
binomial, inverse Gaussian, Poisson and gamma distributions, in addition to the normal
distribution (Nelder and Wedderburn 1972; McCullagh and Nelder 1989). This allows the
modelling of discrete, bounded data, including binomial, multinomial and ordinal response
variables, as well as continuous, unbounded data.
Simple linear regression models assume a continuous, unbounded response variable F to be a
linear combination of a constant parameter or "intercept" Po,
parameters p and explanatory
variables X with a random term e (Equation 14).
^

Equation 14
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Equation 15 represents the relationship between the expected values E of the response
variable, the mean n and the linear combination of parameters and explanatory variables.

k=\
The above model may be generalised to enable modelling of response variables that do not
meet the assumptions of a normal distribution and constancy of variance with the inclusion of
a, possibly non-linear, function t) that links the parameters and explanatory variables to m.. The
choice of link function depends on the distribution of the response variable (Table 9).
Assumptions

inherent

in GLM

are that the observations are independent,

individual

observations do not exert undue influence on the fit, the distribution and link function are
correctly specified and the link function is monotonic and differentiable (Hardin and Hilbe
2001).
Whilst other analytical techniques, such as decision trees, artificial neural networks and the
various supervised classification algorithms commonly used in remote sensing, are capable of
modelling discrete data, such as the fire severity classes, these techniques were not considered
as they do not easily allow quantification of the relative influence of the explanatory variables
on the response, nor can they easily be used to illustrate the shape of the relationship between
response and explanatory variables. Therefore, a GLM approach was selected.

Distribution

Link N a m e

Link Function

Normal

Identity

n = n

Poisson

Log

n = log ^

Gamma

Inverse

Inverse
Gaussian

Inverse squared

Binomial

Logit
n - log
Probit

M

n = o-'(n)

Where O - l is the inverse of the standard normal cumulative
distribution function

As the original fire severity classes are ordered, an ordinal GLM, such as the Proportional
Odds model (McCullagh 1980), might initially appear appropriate. However, as discussed, as
the high fire severity class was only evident in the moist forest structure class (Section 3.4), it
was decided to collapse the four severity classes into two: Low-Moderate and High-Very High
fire severity. As such, a binomial distribution is assumed. Two commonly used link functions
for binomial distributions are the logit and probit links. These are both bounded at 0 and 1 and
generally give similar results, however the logit is often preferred as exponeniated probit
coefficients cannot be interpreted as odds-ratios which complicates model interpretation (Hardin
and Hilbe 2001). The logit link function was therefore selected.
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Two common methods of interpreting the parameter estimates from a binomial GLM are to
examine the sign of the coefficient and to calculate the predicted probabilities of F given a set of
X values (Liao 1994).

Examining the sign of the coefficient will simply reveal whether an

explanatory variable has a positive or negative effect on the predicted probabilities of
classifying fire severity as High-Very High instead of Low-Moderate.

However, calculating

these probabilities, given a range of values for an explanatory variable, allows the shape of this
relationship to be plotted. For a binomial GLM with a logit link, the predicted probabilities may
be calculated as per Equation 16. In a multivariate model, to show the effects of an individual
explanatory variable, the predicted probabilities may be calculated from the values of this
variable, with the other explanatory variables set at their sample means (Liao 1994).
P„+IP,A^,
P r o b ( r = 1) =

Equation 16

^
Po+IP.A-J

\ +e

3.6.3.1

Modelling

approach

Correlated explanatory variables affect regression coefficients based on such data, and
make it difficult to assess their relative importance in determining the dependent variable
(Blalock 1963).

Therefore a correlation matrix was generated between each of the numeric

explanatory variables to assess collinearity.
Following statistical advice (pers. comm. Terry Neeman and Bob Forrester, Statistical
Consulting Unit, ANU), variables were selected for inclusion in the models using a simple
manual process, analogous to a forward stepwise procedure.

All variables were modelled

individually, with the rescaled geographic coordinates, and selected if both the coefficient and
the deviance explained were significant at the 0.01 significance level. The conservative level of
significance was chosen as, with the large sample size (-5,000), chance effects can appear
significant at the conventional 0.05 level because of the large number of degrees of freedom
available (Austin et al 1996). The decision to select variables based on the significance of the
coefficient, as well as the deviance explained, was also related to this as variables may, by
chance, explain significant deviance whilst exhibiting no relationship, i.e. the coefficient is not
significant, with the response variable, and vice-versa.

This indicates correlation between

explanatory variables is present (pers. comm. Bob Forrester, Statistical Consulting Unit, ANU).
The selected variables were then incorporated into a multivariate binomial logistic GLM in
order of the deviance explained.

Variables that did not add to the model in the presence of

others were then removed and a final model was fitted. Interaction and higher order terms were
not tested.
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3.6.3.2

Model validation

To assess the accuracy of the final models for hypotheses 1 and 2, a random sample of 500
points was selected from the study area and values for observed fire severity and each of the
variables included in the final models was extracted.

The probability of classification as

High-Very High fire severity was calculated for these samples from the models coefficients and
the sampled values using Equation 16. If the probability was greater than 0.5, the samples were
classified as High-Very High fire severity. An error matrix was constructed from the observed
and predicted fire severity classes and the percent agreement and Kappa ( K ) coefficients of
agreement (Cohen 1960; Hudson and Ramm 1987) were calculated.
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Chapter 4: Results

4.1 Fire severity data
The area of each fire severity class in the study area is presented

in Table 10 and

illustrated in Figure 26. The low-moderate and high-very high fire severity classes account for
77% and 23% of the burned area respectively.

Severity class
Low
Moderate
High
Very high

Area (ha)
31,934
49,067
6,863
17,648

%
30.3
46.5
6.5
16.7

Fire severity class

Low
Moderate
High
I Very high

Figure 26 Fire severity classes
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Figure 27 Maps of the potential explanatory variables.Note: Broad vegetation type
shown instead of vegetation type classification from Gellie (2005).
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4.2 Explanatory

variables

Maps of the explanatory variables are presented in Figure 27 and the correlations between
them are detailed in Table 11. Correlations between most variables were less than 0.5, with the
exception of slope in the direction of the 3 pm wind and aspect, and the 9 am and 3 pm FFDI,
which both might be expected.

Figure 28 indicates that there is a relationship between

vegetation type and height.

FFDI 3 pm
FFDI 9 am
Aspect
Time since
fire
Vegetation
height
Slope
(3 pm wind)
Slope

Litter
load
0.23
0.32
0.01
0.44

FFDI
3 pm

FFDI
9 am

0.72
-0.03
0.38

-0.05
0.31

0.00

0.05

0.06

-0.07

-0.17

0.02

0.03

0.02

0.02

-0.59

0.04

0.18

-0.14

-0.03

-0.12

-0.02

-0.12

0.17

Aspect

Time
since fire

-0.07

60
50
O)
'a> 40
30
5d)
O) 20
>a>
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0
02d

03b

04a

04c

05b

05c

05e

12b

Vegetation class
Figure 28 Box plots showing the median, upper and lower quartlles and range of
vegetation height for each vegetation type present In the sample. Vegetation types
are detailed In Table 6.
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4.3 Generalised Linear Models Of Fire Severity
4.3.1 Hypothesis 1
In the initial model selection process, FFDl at 3 pm and 9 am, slope in the direction of the
3 pm wind, vegetation height, vegetation type and time since fire individually explained
significant model deviance and had significant coefficients (Table 12). These variables were
added to the model in the order of deviance explained by the individual models. At different
steps during the model selection process, FFDI at 9 am, slope in the direction of the 3 pm wind
and time since fire were dropped from the model as their coefficients were not significant in the
presence of other variables (Table 13).
The final model, which includes FFDI at 3 pm, vegetation type and height and the rescaled
geographic coordinates, explains 29.9% of the total model deviance, with FFDI at 3 pm
explaining 17.7%, vegetation type 5.9% and vegetation height explaining 1.1% of the deviance
(Table 14).

As might be expected, the probability of classification as High-Very High fire

severity is positively related to FFDI and negatively related to vegetation height, though the
shape of these relationships varies with vegetation type (Figures 29-30). Figure 31 shows the
probability of classification, as High-Very High fire severity, for each of the vegetation types. It
can be seen that vegetation type

12b, Kosciuszko Sub-alpine Snow Gum

Woodland

{E. niphophila), had the highest probability of being classified as High-Very High fire severity.
This may be a result of a greater proportion of samples from this vegetation type exhibiting
High-Very severity in contrast to other types (Figure 32). With the exception of vegetation type
05e Southern/Central Tablelands Moist Grass/Shrub Forests {Eucalyptus macrorhyncha
robertsonii),

and E.

the taller vegetation type sexhibited lower probabilities of high-very high fire

severity (Figure 31).
The estimated accuracy of the final model was 84% with K = 0.52. This Kappa value
indicates moderate ( ^ 0 . 4 1 - 0.60) correspondence between the observed and predicted fire
severity classification (Landis and Koch 1977).
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Table 12 Hypothesis 1 - Summary of the coefficients and deviance explained by the
individual models fitted to the explanatory variables.
Model
Null

Estimate

Intercept
log (FFDl 3 pm)
+ Longitude
+ Latitude

-4.09
1.25
1.02
-3.30

0.25
0.06
0.37
0.22

***

Intercept
log (FFDI 9 am)
+ Longitude
+ Latitude

-2.41
1.32
-0.01
-3.71

0.21
0.08
0.38
0.23

***

Intercept
Veg. class
03b
04a
04c
05b
05c
05e
12b
+ Longitude
+ Latitude

-1.99

0.47

2.57
2.69
3.56
3.31
4.50
1.35
4.68
-2.69
-4.68

0.48
0.50
0.48
0.52
0.57
0.62
0.49
0.49
0.26

Intercept
Time since fire
+ Longitude
+ Latitude

-0.56
0.01
2.39
-4.30

0.16
0.00
0.34
0.23

Intercept
Litter load
+ Longitude
+ Latitude

0.61
-0.21
2.55
-4.97

0.52
0.29
0.33
0.24

Intercept
Veg. height
+ Longitude
+ Latitude

1.38
-0.05
1.57
-5.20

0.15
0.00
0.35
0.22

***

Intercept
Slope (3 pm wind)
+ Longitude
+ Latitude

0.30
0.01
2.42
-4.94

0.11
0.00
0.34
0.22

*

Intercept
Aspect (transformed)
+ Longitude
+ Latitude

0.18
0.09
2.59
-4.90

0.13
0.10
0.34
0.22

Intercept
Slope
+ Longitude
+ Latitude

-0.25
0.02
3.23
-5.08

0.14
0.00
0.36
0.22

SE

P

***

*
***

***

NS
***

DF Deviance % Deviance Residual DF
0
5081.6
4408

ph'

1
1
1

898.5
7.3
268.2

17.7
0.1
5.3

4407
4406
4405

***

1
1
1

712.2
2.9
322.0

14.0
0.1
6.3

4407
4406
4405

***

7

584.6

11.5

4401

***

1
1

116.2
415.7

2.3
8.2

4400
4399

***

1
1
1

353.5
19.2
422.6

7.0
0.4
8.3

4407
4406
4405

***

1
1
1

180.7
16.2
550.1

3.6
0.3
10.8

4407
4406
4405

***

1
1
1

105.8
8.6
767.7

2.1
0.2
15.1

4407
4406
4405

1
1
1

7.3
26.1
723.0

0.1
0.5
14.2

4407
4406
4405

***

1
1
1

1.0
30.5
715.7

0.0
0.6
14.1

4407
4406
4405

***

1
1
1

0.8
36.1
739.5

0.0
0.7
14.6

4407
4406
4405

***

*

***

NS

***

***
***
***

***
***
***

***

**

***
***

NS
NS
***
***

***
***
***

*

***
***

NS
NS
***
***

***
***

***
***

***
*

***

*

***

NS
***

NS
***
***
***

Vegetation type I D ' s detailed in Table 6. Longitude and latitude are rescaled 0p * * * < 0.0001, ** < 0.001, * < 0.01, • < 0.05, N S not significant.

NS
***
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Table 13 Hypothesis 1 - Summary of the model selection process
Step
Model
Estimate SE
p
DF Deviance Deviance% Residual DF p(x )
Null
Step 1

Step 2

Step 3

Step 4

Intercept
log(FFDl 3 pm)
+ log(FFDI 9 am)
+ Longitude
+ Latitude

-4.06
1.04
0.34
0.61
-3.26

0.25
0.09 * * *
0.12
0.39 NS
0.22 * * *

Intercept
log(FFDl 3 pm)
+ log(FFDl 9 am)
+ Veg. class
03b
04a
04c
05b
05c
05e
12b
+ Longitude
+ Latitude

-5.46
1.16
-0.03

0.51 * * *
0.10 * * *
0.13 NS

2.02
2.21
3.00
2.53
3.70
0.82
4.05
-3.76
-3.21

***

0.49
0.50 * * *
0.49 * * *
0.53 * * *
0.58 * * *
0.63 NS
0.50 * * *
0.53 * * *
0.27 * * *

Intercept
log(FFDl 3 pm)
+ Veg. class
03b
04a
04c
05b
05c
05e
12b
+ Time since fire
+ Longitude
+ Latitude

-5.59
1.12

0.52
0.07

2.04
2.23
3.01
2.55
3.74
0.81
4.04
0.00
-3.82
-3.10

0.48
0.50 ***
0.49 * * *
0.52 * * *
0.58 * * *
0.62 NS
0.49 * * *
0.00 NS
0.53 * * *
0.28 * * *

Intercept
log(FFDl 3 pm)
+ Veg. class
03b
04a
04c
05b
05c
05e
12b
+ Slope (3 pm wind)
+ Longitude
+ Latitude

-5.59
1.12

0.52
0.07

2.04
2.23
3.01
2.55
3.74
0.81
4.04
0.01
-3.82
-3.10

0

5081.6
U

4408

1
1
1
1

898.46
28.95
0.93
254.06

17.68
0.57
0.02
5.00

4407
4406
4405
4404

1
1
7

898.46
28.95
271.87

17.68
0.57
5.35

4407
4406
4399

***

1
1

88.88
166.29

1.75
3.27

4398
4397

***

1
7

898.46
297.09

17.68
5.85

4407
4400

***

1
1
1

21.86
96.08
142.96

0.43
1.89
2.81

4399
4398
4397

***

1
7

898.46
297.09

17.68
5.85

4407
4400

***

1
1
1

2.00
96.08
142.96

0.04
1.89
2.81

4399
4398
4397

***
***

***

***
***

***

***

***

***

***

***
***

***
***

0.48 ***
0.50 * * *
0.49 * * *
0.52 * * *
0.58 * * *
0.62 NS
0.49 * * *
0.00 *
0.53 * * *
0.28 * * *

Vegetation type ID's detailed in Table 6. Longitude and latitude are rescaled 0-1.
p * * * < 0.0001, ** < 0.001, * < 0.01, • < 0.05, NS not significant.

***

NS
***
***
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Table 14 Hypothesis 1 - Summary of the final model.
Step

Model

Final model

p

Estimate SE

Intercept
log(FFDl 3 pm)
+ Veg. class

-4.77
1.21

0.52 ***
0.07 ***

2.16
2.16
2.88

0.49 ***
0.50 ***
0.49 ***

2.28
3.34

0.53 ***
0.59 ***

03b
04a
04c
05b
05c
05e
12b
+ Veg. height
+ Longitude
+ Latitude

0.47
3.67
-0.04

0.63
0.50
0.00
0.54
0.27

-4.13
-3.26

DF Deviance Deviance% Residual DF
1
7

898.46
297.09

17.68

1
1
1

56.17
106.34
162.85

1.11
2.09
3.20

NS
***
***
***
***

5.85

4407
4400

* * *

4399

* * *

4398
4397

* * *

Vegetation type ID's detailed in Table 6. Longitude and latitude are rescaled 0-1.
p *** < 0.0001, ** < 0.001, • < 0.01, • < 0.05, NS not significant.
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Predicted severity
Observed severity

Low-lVlod.

High-V. High

Total

Low-Mod.
High-V. High

357
41

38
64

395

Total

398

102

105
500

4.3.2 Hypothesis 2
Of the individual models derived using tiie subset of samples with FFDI < 24, only
vegetation height and type explained significant model deviance and had significant coefficients
(Table 16). The final model, comprised of vegetation height, vegetation type and the rescaled
geographic coordinates, explains 13% of the total model deviance, with vegetation height
explaining 5.2% and vegetation type explaining 2.6% (Table 17). As with the final model for
Hypothesis 1, the probability of classification as High-Very High fire severity is negatively
related to vegetation height (Figure 33), and again, the shape of this relationship varies with
vegetation type.

Figure 34 shows the probability of classification as High-Very High fire

severity for each of the vegetation types. Again vegetation type 12b, Kosciuszko Sub-alpine
Snow Gum Woodland (E. niphophila),
High-Very High fire severity.

had the highest probability of being classified as

The Kappa Coefficient of Agreement was very low ( ^ = 0.03)

indicating no or very poor agreement as can be seen in the error matrix in Table 18.
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Table 16 Hypothesis 2 - Summary of the coefficients and deviance explained by the
Model
Null
Intercept
Veg. height
+ Longitude
+ Latitude
Intercept

Estimate

SE

p

DF
0

0.26

NS

1

-0.08

0.01

***

1

76.46

5.23

2476

-0.90
-1.86

0.69
0.35

NS

1

8.07
28.85

0.55
1.97

2475
2474

-0.72

0.29

-0.02

***

Time since fire

-0.02

0.00

+ Longitude
+ Latitude

-0.11
-1.99

0.65
0.34

NS

0.89

0.84

Litter load
+ Longitude
+ Latitude
Intercept
Slope
+ Longitude
+ Latitude
Intercept
Slope (3 pm wind)
+ Longitude
+ Latitude
Intercept
Aspect
+ Longitude
+ Latitude
Intercept

% Deviance Residual DF
2477

***

*
***

1
***

Intercept

Deviance
1461.95

1

3.80

0.26

2476

1

1.85
34.25

0.13
2.34

2475
2474

***

NS
NS
***

1

-1.50

0.49

*

0.56
-2.13

0.64
0.38

NS

-1.68

0.25

***

1

0.00

0.01

NS

1

0.01

0.00

2476

0.26
-1.53

0.67
0.33

NS

1

1.21
22.13

0.08
1.51

2475
2474

-1.57

0.20

***

1

0.01

0.00

NS

1

0.92

0.06

2476

0.12
-1.57

0.64
0.33

NS

1

1.41
23.18

0.10
1.59

2475
2474

-1.95

0.25

1

6.46

0.44

2476

1

0.48
20.49

0.03
1.40

2475
2474

7

56.94

3.89

2470

***

0.43

0.21

0.42
-1.47

0.65
0.33

-3.81

1.01

1

0.02

0.00

2476

1

1.21
30.90

0.08
2.11

2475
2474

***

***

***

***

NS

NS
NS
***

NS
NS
***

NS
NS
***

1

***

NS
***

**

Veg. class
NS

03b

1.90

1.06

04a

3.00

1.03

*
**

04c

3.92

1.03

05b

2.48

1.07

05c

3.92

1.10

05e

0.89

1.43

NS

12b

4.65

1.05

***

0.93

***

1

55.66

3.81

2469

***

+ Longitude

-4.94
-1.57

0.39

***

1

16.66

1.14

2468

***

+ Latitude

**

Vegetation type ID's detailed in Table 6. Longitude and latitude are rescaled 0-1. Data are from the subset
of s^amples with FFDl <24.p***<

0.0001, ** < 0.001, * < 0.01, • < 0.05, N S not significant.
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Table 17 Hypothesis 2 - S u m m a r y of the final model.
Model

Estimate

SE

-2.24

1.03

-0.07

0.01

P

DF

Null

Deviance

% Deviance Residual DF 0(7^)

1461.94

Intercept
Veg. height

* * *

+ Veg. class
03b
04a

2.06
2.57

1.07 NS
1.04

04c
05b

3.49
2.00

1.04

05c
05e

3.20
0.39

1
7

12b
+ Longitude
+ Latitude

4.13
-5.82
-1.42

2477

76.46
38.04

2.60

2476
2469

65.06
11.02

4.45
0.75

2468
2467

5.23

* * *
* * *

* *

1.08 NS
l.ll *
1.43 N S
1.06 * *
1.06 * * *
0.43 * *

1
1

* * *

**

Vegetation type ID's detailed in Table 6. Longitude and latitude are rescaled 0-1.
p *** < 0.0001, ** < 0.001, * < 0.01, • < 0.05, NS not significant.
1.0 -

02d

^0.8 1(0 0.6 •8 0.4
i 0.2 0.0 - T — r -r—
0
20

—1—
40

0

Vegetation height (m)
1.0 -

20

40

1.0 -

04c

1.0 -

05b

0.6

OJ

-

i
—I—

—r-

20

40

1.0

^ 0.2

0 2 0.0 -

I

0

1.0

05e

^0.8 -

1 0.6 -

1

-8 0.4

40

0.0 H
0

I

—r-

20

40

Vegetation height (m)

12b

^0.8 05

20

Vegetation height (m)

Vegetation height (m)

0.6 -

0.4-

2 0.4 1

0 2 0.0

5

1ro 0.6 i

-

•8 0 . 4
i

05c

|-0.8 -

^0.8 -

1to

Vegetation height (m)

Vegetation height (m)

•
0.4 -

^ 0.2 -

^ 0.2 -I—r—

0.0 -

20

40

Vegetation height (m)

0.0

I T
0

20

1—
40

Vegetation height (m)

Figure 33 Hypothesis 2 - Relationships between the probability of classification as
High-Very High fire severity and vegetation height for each vegetation type.
Vegetation type ID's detailed in Table 6.
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Figure 34 Hypothesis 2 - Probability of classification as High-Very High fire severity
f o r each of the vegetation types. Vegetation type ID values are detailed in Table 6.
Probabilities calculated with vegetation height held constant at the sample mean.

Predicted severity
Observed severity Low-Mod.
High-V.
High
Low-Mod.
High-V. High
Total

313
182
495

0
5
5

Total
313
187
500
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Chapter 5: Discussion
5.1 Overview
This chapter evaluates the models described above and discusses alternative interpretations
of the results. It concludes with implications for management arising from this study and poses
some areas for further research.
5.2 Model evaluation
Fire behaviour, and the environmental characteristics that affect it, varies considerably
over a range of spatial and temporal scales. The moderate to poor fit of the models, for
Hypothesis 1 and Hypothesis 2 respectively, suggests this variability may not have been
suitably captured in this study. For example, fire behaviour varies temporally in response to
diurnal changes in fire weather conditions (Beck and Trevitt 1989) and spatially according to
position along the fire perimeter, i.e. backing, flank or head fires (Catchpole et al. 1992).
However, the temporal resolution of the daily fire progression data was such that only the day
on which points in the study area were burnt was able to be determined. This required
arbitrarily assigning the weather conditions at a particular time to those points. It is probable
that if points had been burnt in the morning or late evening, weather conditions, and thus fire
behaviour and fire effects, would likely have been less severe. Additionally, as modelling the
spread of the fire was beyond the scope of this study, it was not possible to estimate which
locations were burnt by backing, flank or head fires.
The vegetation type and time since fire variables, either individually, or combined in
surface litter models, may also not have suitably captured variations in the fuel complex, such as
the arrangement and density of near surface, bark or elevated fuels. For example, elevated bark
fuels may contribute to increases in fire severity by acting as a link between ground and crown
fuels (Cheney 1996; McCarthy et al. 1999), however, low intensity fuel reduction fires remove
a considerably lower proportion of bark fuels than surface litter and near surface fuels (Tolhurst
1996). Furthermore, various components of the fuel complex accumulate at differing rates
post-fire. It has been demonstrated, in Victorian dry sclerophyll forest, that surface litter may
accumulate to pre-fire levels within four years, whilst elevated fuels were estimated to take over
10 years and bark fuels between 15 and 25 years to recover (Tolhurst 1996). It is also possible
that surface litter loads may have increased to a greater degree than predicted by the litter
modelling due to the effects of the severe drought on eucalypt litterfall (Luke and McArthur
1978; Walker 1981; Pook et al. 1997). Improved results may have been obtained, particularly
in relation to Hypothesis 2, had the fuel complex been better quantified.
There are a number of potential sources of error in both the fire severity mapping and the
derivation of the explanatory variables. The development of the relationship between
differenced NBR values and actual vegetation impacts relied solely upon Aerial Photo

68
Interpretation (API) (EcoLogical Australia 2005a), whilst tiie dNBR severity class threshold
values (the cut-offs between low, moderate, high and very high fire severity) were determined
subjectively. API can be highly subjective, is prone to issues of repeatability and uniformity of
analysis and depends heavily upon the analysts' knowledge and understanding of the area and
the process or phenomena involved (Kampouraki et al. 2007). Additionally, field validation of
the fire severity mapping was limited and relied on data collected by Environment ACT in the
Brindabella Ranges to the north of Kosciuszko National Park (Carey et al. 2003; EcoLogical
Australia 2005a).

This field verification showed reasonable correlations, {F^ = 0.6) with

mapped fire severity for moderately dry and wet forest types, but a poor correlation {F^ = 0.1)
for dry forest types (EcoLogical Australia 2005a). Multi-temporal remote sensing, such as that
used to derive the fire severity mapping, is also subject to other sources of error, including
seasonal vegetation differences, pixel misregistration and differences in sensor calibration,
atmospheric effects and sensor and sun angles (Epting et al. 2005), though Eco Logical
Australia (2005a) accounted for most of these issues.
The data collected to derive the independent variables were of varying scales and
reliability. The daily fire progression data were of particular concern. They were compiled
from operational data for the northern and southern areas of KNP by two separate fire control
centres using a combination of field reports, airborne Global Positioning System (GPS)
coordinates and thermal imaging, and, as discussed, issues with validation of the southern
progression data led to them being discarded and the study area limited to northern KNP.
Whilst the elevation and derived terrain variables and vegetation type were the same resolution
as the severity data, these data are themselves models, derived from data of varying scales, and
as such, potentially contain inherent error. The SRTM elevation data, whilst derived from direct
measurements, is known to contain a certain level of error. Evaluation of the SRTM data has
demonstrated an absolute mean vertical error of approximately 5 m (Kellndorfer et al. 2004),
however, there have been a number of serious localised errors discovered (Farr et al. 2007). It
is also possible that increased penetration of the radar signal into sparse vegetation canopies has
exaggerated differences in estimated heights between vegetation types. Additionally, the SRTM
data were resampled from - 3 0 m to ~90m before being publically released and required
interpolating and reprojecting to match the resolution and coordinate system of the fire severity
data, potentially adding to any existing errors.

5.3 Interpretation of results
The results of this study, including the positive relationship demonstrated between fire
severity and the 3 pm FFDI, support Hypothesis 1 that increases in the severity of the weather
conditions increase the probability of higher fire severity to a greater degree than vegetation or
terrain characteristics. This is further supported by previous fire behaviour modelling studies
(Bessie and Johnson 1995; Hely et al. 2001; McCarthy and

Tolhurst 2001) and empirical
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evidence (Turner et al. 1994; Tolhurst and McCarthy 2003; de Bednarik 2005) which also
indicate that fire behaviour or severity is primarily influenced by weather conditions, i.e.
drought, temperature, humidity and wind speed. For example, five of the studies outlined in
Table 2 investigated the influence of weather on fire severity and all found weather to be
important. Of these, four were conducted in south-eastern Australia in similar environments to
this study.

Both Tolhurst and McCarthy (2003) and de Bednarik 2005 found that the 3 pm

FFDI was the most influential variable.

Hammill and Bradstock (2006b) reported that the

majority (91%) of areas which burned under extreme weather conditions (3 pm FFDI - 1 0 0 )
exhibited either complete canopy consumption or scorch. Additionally, Chafer et al. (2004)
noted that the highest fire severity occurred under the influence of strong north-westerly to
westerly winds with low humidity. This suggests that fuel moisture and wind speed were the
main factors determining variations in fire behaviour, and therefore severity, during the
January-February 2003 fires in Kosciuszko National Park.
After weather, vegetation type had the most influence on fire severity under all weather
conditions and was the next most influential variable after vegetation height under less severe
weather conditions.

Twelve of the studies outlined in Table 2 investigated the influence of

vegetation type on fire severity and of these, only one (Kulakowski and Veblen 2007) reported
no effect of vegetation type.

Only Bigler et al. (2005) ranked variables in terms of their

influence on fire severity. Of the variables they investigated (Table 2), they reported that stand
structure and forest type were the most influential variables respectively (Bigler et al. 2005). In
general, fire severity was greater in woodland and open-forest vegetation types than in tall
forest, under all weather conditions and also under less severe weather conditions in this study.
Additionally, a negative relationship between estimated vegetation height and fire severity was
demonstrated, which is reflected in the differences in height between these vegetation types. A
simple interpretation is that taller vegetation is less likely to be affected by fire than shorter
vegetation, given a similar flame or scorch height. An alternative interpretation was proposed
by Hammill and Bradstock (2006b) who reported a similar relationship between vegetation type
and fire severity. They suggest that this may be related to vegetation structure and floristic
composition, as woodland and open-forest are dominated by highly flammable sclerophyll
shrubs, in contrast to the mesic species, such as ferns, herbs and broad-leaved shrubs, that
dominate tall forest. Overseas, both Odion et al. (2004) and Bigler et al. (2005) reported that
mesic closed forest exhibited lower fire severity than open forest types.

As vegetation type

explained considerably more of the model deviance than vegetation height in this study, it is
likely that the most appropriate interpretation is a combination of these, rather than simply a
result of general differences in canopy height between vegetation types.
The time since the most recent fire, on its own, was highly significant under all weather
conditions, both with regard to model deviance and parameter estimates, yet not significant
under less severe weather conditions, nor when added to models in the presence of the FFDI
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variables. Results from Project Vesta (Gould et al 2004) indicate that the potential intensity
and rate of spread of fires in open eucalypt forests is directly related to the time since fire.
Given the moderate positive coincidental correlation between time since fire and FFDI, it is
possible that there was an effect of time since fire and therefore fuel age, on the severity of the
January-Februar\' 2003 fires in Kosciuszko National Park which was confounded by this
correlation.

However, this does require further investigation given the lack of significance

under less severe weather conditions.

Interestingly, surface litter load has been positively

related to eucalypt stand height (McCarthy 2004), given the negative relationship between
vegetation height and fire severity found in this study and the lack of effect of surface litter
loads on fire behaviour, reported by Buckley (1992), Cheney et al. (1992 cited in Cheney 1996),
Cheney et al. (1993), Gould et al. (2004) and this study. This, and the possible effect of time
since fire, suggests that continued research is warranted into the relationship between fire
behaviour and fuel characteristics, in addition to surface litter load, that change with time.
Suiprisingly, no effect of slope or aspect on fire severity was found in this study.
Approximately half of the studies outlined in Table 2, that included topographic variables in
their analyses, reported no effect of either slope or aspect. Of these, three studies found that
neither slope nor aspect had any influence on fire severity (Turner et al. 1999; Kafka et al
2001; Kulakowski and Veblen 2007).

The January-February 2003 south-eastern Australian

fires occurred after a prolonged period of severe drought (Davis 2004; Taylor and Webb 2005).
As with this study, the fires investigated by both Turner et al. (1999) and Kulakowski and
Veblen (2007) occurred during a period of severe drought. Turner et al. (1999) suggests that
this may have served to minimise potential differences in fuel moisture content among different
slope and aspect classes. It therefore seems likely that fuel moisture was extremely low across
Kosciuszko National Park, with increased availability of live plant material, coarser fuels and
material lower in the litter profile, which may account for the lack of significance of both slope
and aspect in this study.

As no terrain variables were significant, even under less severe

weather conditions. Hypothesis 2, that the probability of higher fire severity within less severe
classes of weather is influenced by vegetation and terrain characteristics, is not fully supported.

5.4 Management implications
The issue of prescribed burning for fuel reduction is contentious. There is considerable
evidence that prescribed burning can moderate the behaviour of unplanned fires (Femandes and
Botelho 2003), yet surface litter loads may accumulate so rapidly (Raison et al 1983; Tolhurst
1996; MoiTison et al 1996; McCarthy and Tolhurst 2001) that to maintain them at a level at
which they have an effect on fire behaviour can be detrimental to species sensitive to frequent
fire (Morrison et al 1995; Morrison et al 1996; Bradstock et al 1997; Bradstock and Kenny
2003).
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However, there is increasing evidence, particularly under more severe weather conditions,
that fire behaviour may be less related to the amount of surface litter, than to other
characteristics of the fuel complex that change with time (Buckley 1992; Cheney et al. 1992
cited in Cheney 1996; Cheney et al. 1993; McCarthy and Tolhurst 2001; Gould et al. 2004).
This is further supported by this study which found no influence of modelled surface litter load
on the severity of the 2003 fires in Koscuiszko National Park. Additionally, whilst it was not
possible to comprehensively quantify the influence of other aspects of the fuel complex, the
influence of vegetation type and, possibly, time since fire suggests that fuel characteristics that
change with time, other than surface litter load, are important determinants of fire severity even
under extreme weather conditions. Such characteristics include the amount, size, density, ratio
of live to dead material and spatial (horizontal and vertical) distribution of the near-surface and
elevated fuel strata. As these characteristics may take over 10 years to recover to pre-fire levels,
and up to 25 years in the case of certain bark fuels (Tolhurst 1996; Gould and Sullivan 2004), it
may be possible to balance the need for fuel management with the maintenance of ecosystem
biodiversity.

5.5 Areas for further research

The derivation of the fire severity classification used in this study highlights the need to
further develop and standardise methods for quantifying and relating observed fire effects to
remotely-sensed indices of fire severity in Australian conditions. One such method, the
Composite Bum Index (CBI) (Key and Benson 1999a), is used operationally in the United
States for routine post-fire field assessment (Key and Benson 2006). The CBI has been shown
to be highly correlated with the dNBR fire severity index (van Wagtendonk et al. 2004) and
adaptable to other environments with minimal modification (Epting et al. 2005). A similar
method should be developed for Australian conditions which should include the quantification
of fire effects over multiple vegetation strata, particularly for open forest types and allow for
rapid and consistent post-fire field assessments to be carried out. Additionally, the NBR
method is known to exhibit a greater correlation with field measures of fire severity in closed
forests than in open forest and woodland and non-forest vegetation types (EcoLogical Australia
2005a; Epting et al. 2005). This may relate to the reflectance of bright soils and ash dominating
the spectral response (Chuvieco and Congalton 1988; Rogan and Franklin 2001). Research is
needed to develop methods of accounting for this.
The ability to monitor the impacts of fire at a landscape scale suggests two additional
avenues of research. Firstly, that post-fire vegetation mortality and recovery may also be
monitored, which is particularly relevant to managing the water quality and yield of Australian
catchments. Secondly, it may assist the understanding of fire regimes at the landscape scale by
enabling the collection of fire severity, and even fire intensity, data in addition to fire interval,
t>'pe and season of occurrence (Gill 1975; Gill et al. 2002) over many years.
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This study was likely restricted by inadequate quantification of the fuel complex across the
study area. The indirect method of spatially mapping fuels used in this study models fuel loads
from vegetation type and fire history data and, therefore, may not capture the intra-stand
variability of fuels (Keane et al. 2001). Additionally, this method requires considerable field
work to derive the model inputs if no suitable values have previously been published and relies
on a number of assumptions that may not be valid (e.g. Birk and Simpson 1980; Turner and
Lambert 2002).

Optical remote sensing has been used to estimate fuel loads at a landscape

scale, (e.g. Brandis and Jacobson 2003; Chafer et al. 2004), but suffers from an inability to
characterise the fuel complex below forest canopies (Keane et al. 2001).

In contrast, active

remote sensing, such as airborne LiDAR and radar, is able to penetrate forest canopies and
record forest structural information. These sensors have the potential to quantify a range of fuel
attributes, including understorey fuel height and foliage biomass (Roff et al. 2005) at very fine
spatial resolution.

However, airborne sensors are extremely expensive to operate (Roff et al.

2005), restricting their utility for regular monitoring, and must be tasked to collect data over an
area of interest, which restricts their use in post-hoc analyses of fire events.

With the 2006

launch of the Advanced Land Observing Satellite (ALOS), an opportunity exists to assess the
potential for regular monitoring of fuel loads at a landscape scale. The Phased Array L-band
Synthetic Aperture Radar (PALSAR) sensor onboard ALOS has a moderate spatial resolution
( - 1 0 - 2 0 m), can penetrate vegetation canopies and is sensitive to vegetation structure (JAXA
2006). With large areas of Australia being captured at least twice a year, ALOS PALSAR data
may be suitable for regular monitoring of fuel loads over large areas, particularly as ALOS is a
"public good" satellite and data is inexpensive to obtain.
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Chapter 6: Conclusion
This study quantified tiie relative influence of selected weather, vegetation and terrain
variables on the severity of the January-February fires in Kosciuszko National Park.

Two

hypotheses were addressed: 1. that increases in the severity of the weather conditions will
increase the probability of

higher fire severity to a greater degree than vegetation or terrain

characteristics; and 2. that the probability of higher fire severity within less severe classes of
weather is influenced by vegetation and terrain characteristics.
The results of this study supported Hypothesis 1 as the 3 pm FFDI explained more of the
model deviance than the vegetation or terrain variables and demonstrated a positive relationship
with estimated fire severity.

This suggests that fuel moisture and wind speed were the main

factors determining variations in fire severity during the January-February 2003 fires in
Kosciuszko National Park.

Vegetation type and height were the only other variables found to

be significant with woodland and open-forest exhibiting greater fire severity than tall forest
types.
Hypothesis 2 was not fully supported as no terrain variables were found to be significant
under less severe weather conditions. Vegetation type and height were found to be significant
with woodland and open-forest again exhibiting greater fire severity than tall forest types.
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