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ABSTRACT 

Fire has long been recognised as a major factor moulding vegetation patterning 

across Australia. Large proportions of northern Australia's tropical savannas are 

burned, resulting in declines of wildlife, including granivorous birds. These declines 

have been attributed to the combined impacts of pastoral use and alteration of fire 

regimes. 

In the Fergusson River Catchment, an area with a mix of land uses. remote 

sensing imagery data accurately interpreted through an operational and robust method 

show that (i) more than 31.9% of the landscape burns annually (ii) contrary to 

prevailing interpretation and stated management goals, most fire occurs in the mid-dry 

season (June to August) (iii) all vegetation types, including riparian are subject to 

frequent fires, although the proportion burned varies significantly among vegetation 

types (iv) large areas are also burned late in the dry season when widespread fires are 

more likely. 

Interpreting same burned pixel in different raster-based fire mapping layers in a 

temporal series of layers with three maps each year in Early, Middle and Late dry 

season provides a method to extract pixel-based fire interval, which demonstrates 

differences in different vegetation. In connection with vegetation mapping results, the 

understanding of fire return times in different vegetation helps for wildlife 

management. 

In the study area, early dry season burning does not appear to influence the 

number, size or total extent of fires in the late season. This has important implications 

for management of fire in the region, because it illustrates the ineffectiveness of 

present application of this fire management teclmique. 
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Statistical modelling showed that all landscape and anthropogenic variables 

derivable from GIS coverages were associated with variation in fire frequency 

patterns. Vegetation, elevation and land use type were predominant in fire frequency 

models in all of the three different seasons examined. However, models explained a 

relatively small proportion of variance in fire frequency, suggesting that much 

remains to be learned about the determinants of fire patterns of this landscape. This 

has important implications for the management of a region supporting populations of 

rare and threatened fauna and adjoining or including important national parks. 
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Chapter 1 Introduction 

Chapter One -- INTRODUCTION 

Australia's tropical savannas are vast, occupying around 1.9 million square 

kilometres, or around one-quarter of the Australian mainland. They are sparsely 

populated and not over-developed, appearing largely structurally intact. However, the 

savannas are experiencing problems that exacerbate both ecosystem function and 

production. Examples include decline in biodiversity, thickening of woody vegetation 

that compromises pastoral use, invasion of exotic weeds and a range of effects from 

feral and domestic stock (Whitehead et al. 2000). Fire is thought to be the one of the 

causes in these changes and to interact strongly with other influences on savanna 

condition (Gill 1981, Russell-Smith cial. 1997, Jacklyn and Russell-Smith 1998, 

Yibarbuk et al.2001, Andersen etal. 2003, Russell-Smith etal. 2003). 

In this thesis, some of the issues associated with fire management in savannas 

were explored in the context provided by existing broad scale studies (Russell-Smith 

etal. 1997, Gill etal. 2000, Dyer etal. 2001, Edwards etal. 2001, Price etal. 2003). I 

conducted a detailed study of fire histories and their relations to vegetation pattern in 

a region important for conservation but where there are a number of land uses and 

tenures. To connect this detailed remote sensing and Geographic Information System 

(GIS) study to contemporary management concerns, I chose to interpret fire 

patterning in this region through the lens provided by implication for availability of 

resources used by savanna fauna, particularly granivorous birds. These birds are 

among the most important and characteristic fauna in savanna ecosystems, and their 

loss from the landscape is arguably an important indicator of fundamental change in 

the functioning of these systems. The sections to follow provide the background to the 

study and establish its significance for sustainable management of savannas and their 

resources. 
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1.1. Savanna Ecosystems 

Savannas are extensive ecosystems across the tropical landmass worldwide. The 

term savanna is said to be derived from an old Carib word, but its etymology remains 

obscure (Bourlière and Hadley 1983). Tropical savannas clothe about 20% of the 

earth's land surface 65% of Africa, 25% of Australia, 45% of South America and 10% 

of India and Southeast Asia. Despite the vast extent, wildlife resources and the present 

and potential importance of these areas for domestic stock and crop production, the 

relationships between tropical savanna vegetation and environmental conditions are 

less well understood than those of most other ecosystems (Huntley and Walker 1982). 

Fire in the tropical savannas has shaped a dominant biota not only tolerant of 

recurrent fires but also highly fire-adapted in the sense that they are well equipped to 

exploit fire-affected habitats. The role of fire in savanna form and function has also 

been described by Bowman (1998). Anthropogenic fire impacts, particularly pastoral 

fire use to manage fodder and woody components of the vegetation, have been 

affecting and shaping the compositions of savanna biota. 

Savanna ecosystems are delineated structurally by the presence of a continuous 

grassy stratum with a varying degree of woody overstorey, and climatically by 

distinctly seasonal rainfall (Werner el at. 1990). Most Australian savannas experience 

a mean annual rainfall between 500 and 1 500 mm, although the semi-arid areas 

experience as little as 200 mm and the humid savannas up to 2 000 mm. Most rain 

falls in the warm to hot wet season, while the dry season is a time of drought and 

generally lower temperatures. 

Since humans have lived in most savanna ecosystems for extended periods, it can 

be difficult to differentiate anthropogenic and non-anthropogenic factors affecting the 

structure and function of savannas (Arthur et at. 1996, Bowman 1998). 

1.1.1. Definition of savannas 

Although there is no commonly agreed definition of the word savanna, it is 

generally accepted that, characteristically, savanna vegetation comprises a continuous 
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grass stratum, usually with trees and/or shrubs exhibiting similar structural and 

functional characteristics (Cole 1986). The tropical savannas are often characterised 

by a strongly seasonal summer rainfall regime and a dry period lasting from four to 

seven or eight months in the cooler season. This annual extreme of the Wet and the 

Dry seasons, and in particular its effect of this intense seasonality on vegetation 

phenology, strongly influence the composition and structure of savanna flora and 

fauna. Bourlière and Hadley (1983) present an alternative and more restricted 

definition of a tropical savanna landscape by incorporating seasonality in the 

definition. They regard savanna landscapes as places where (1) the grass stratum is 

continuous and dominant, occasionally interrupted by trees and shrubs; (2) fires occur 

from time to time; (3) the dominant plant growth patterns are closely associated with 

alternating wet and dry seasons. 

1.1.2. Characteristics of Australian savannas 

In Australia, the term 'savanna' has been loosely applied to mean a park-like 

grassy formation, usually with widely spaced trees with rounded canopy (Williams 

1955 see Bourlière 1983). The Australian Cooperative Research Centre (CRC) for 

Tropical Savannas Management defined Australian savannas as "continuous stratum 

of grasses, sedges and herbs which may contain a number of shrub or tree species at 

varying densities, but sufficiently dispersed so as not to influence grass growth to a 

major extent". Australia's tropical savannas occupy approximately 2 million square 

kilometres, 25% of the Australian continent, in the north of West Australia (WA), the 

northern half of Northern Territory (NT) and inland of the Great Dividing Range in 

north Queensland, north about 20° s (Figure 1.01, Mott et al. 1985). The annual 

rainfall in the areas dominated by savanna vegetation is more than 500 mm (Duff ci 

al. 1997). 

A monsoonal climate influences northern Australian savannas with over 95% of 

annual rainfall occurring during the summer season between November to April. 

Ranging from 500 mm per year in southern savannas to more than 1800 mm per year 

in the north part, intense seasonality of rainfall produces an annual cycle of profuse 

herbaceous production in the wet season followed by rapid drying to produce the fuel 
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for regular and sometimes widespread fires. Temperatures are high year round, with a 

mean daily maximum temperature of 33.0° C and a mean daily minimum of 20.6° C 

over one year. Humidity in savanna landscapes is highest from January to March 

when cloud cover is also greatest. 

Australian savanna woodlands and grasslands are unique in the world in that the 

woody component of the vegetation is most often Eucalypt dominated. In wetter 

regions, forests and open-forests form the spatially dominant vegetation structure, 

while woodlands and low open-woodlands dominate the vegetation in drier areas and 

make up most of the area of the savannas (Wilson el al. 1990). Vegetation of the 

Australian savannas have been formed on landscapes with relatively low re1ief,  

usually low nutrient soils and have been burned by man since his advent on the 

continent some 50 000 years ago (Roberts c/ at. 1990, Brook and Bowman 2002). The 

present vegetation in the region is derived from the flora that was widespread over 

northern Australia in the Tertiary period when the landscape was a monotonous 

peneplain characterised by lateritic soils. The creation process across several 

geomorphological cycles inaugurated by tectonic movements, major changes of 

climate and eustatic fluctuations of sea level in the Quaternary and Recent periods 

destroyed the previous surface and originated new and varied habitats in which 

present vegetation associations and communities evolved (Cole 1986). The 

comparatively recent arrival of man may also have caused the retreat of closed woody 

types to their present physiognomy, although this remains contentious (Bowman 

1998, 2003). Since then these lands have been grazed by domestic animals and more 

frequently burned. 

Studies of charcoal levels in association with palynological work using cores 

from the sediments of ancient lakes demonstrate a general increase in fire in the late 

part of the Tertiary period. These studies also reveal that the earliest fire record found 

in northern Australia savannas shows vegetation burning in about the Penultimate 

glacial period (Kershaw c/ at. 2002). 

Under contemporary conditions, fire, which has been considered an intrinsic 

feature of savanna landscapes and a determinant of savanna vegetation structure, is 
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extensive and frequent, and most fires are lit by humans for a variety of management 

purposes, including Aboriginal land management, pastoral use, and conservation 

management (Russell-Smith etal. 1997, Williams ci a! 2002). Dry season fire is 

ignited to reduce the level of flammable fuel loads, to encourage 'green pick' for cattle 

and kangaroos, and to create patchy mosaics of burned and unburned country to help 

maintain habitat diversity. Despite considerable effort devoted to control burns to 

protect pasture and built infrastructure, large wildfires remain common. It has been 

shown that the consequence of these wildfires and contemporary fire regimes can be 

catastrophic for fire-sensitive vegetation and probably many animals (Jacklyn and 

Russell-Smith 1998, Pardon ci al. 2002). The effects of preventative (after early dry 

season) burns on biodiversity are also poorly understood (Andersen ci al. 2003, 

Russell-Smith ci al. 2003a). 

In contrast to savannas elsewhere in the world, the Australian savannas possess 

high species richness of both plants and animals (Taylor and Tulloch 1985, Bowman 

cial. 1993. (iraetz 1995, Andersen cial. 1998, Pearson 2002), even though their 

apparent structural simplicity that tends to be intact. However, increasing human 

activities are worsening savanna conditions by exploiting natural resources and 

changing fire regimes. A number of plausible mechanisms driving these changes have 

been identified, including changes in fire regimes following European settlement and 

associated impacts of interactions with grazing. The direct evidence shows that some 

animal species, such as granivorous birds, are suffering population reductions 

(Franklin 1999, Fraser 2000, Dostine ci al. 2001). Currently, other pressures on the 

savannas of northern Australia are mounting, especially where intensification of use 

occurs as a result of expanding horticultural, tourism, pastoral and mining industries, 

so that they are becoming increasingly important in the national economy (Pearson 

2002, Whitehead et al. 2003). 

1.2. Granivorous Birds 

Granivorous birds are seed eating species. Species of primarily granivorous birds 

include the quail and allies (Phasianidae), button-quail (Turnicidae), many pigeons 
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and doves (Columbidae), cockatoos (Cacatuidae), parrots (Psittacidae) and finches of 

the families Passeridae, Fringillidae and Emberizidae. Most of these families occur 

around the world, except for Turnicidae, Cacatuidae and Psittacidae, families that 

occur only in the 'New World'. 

1.2.1. Biological features of granivorous birds 

1.2.1.1. Granivore biology and distribution 

From the anatomical point of view, enhanced or special digestive organs, such as 

an oesophagus extension, muscular gizzard, and cone-shaped bill, are adaptations for 

the diet of granivorous birds. But the most obvious feature related to seed diet is 

structure of the bill, which in most granivores is large, relatively short, and deep at the 

base. Bill size reflects the size of prey items selected, and this relationship can be used 

in association with bill dimensions to measure trophic niches of granivorous birds 

(Wiens and Johnston 1977). The body size of granivorous birds exhibits habitat-

dependent variation, being larger in forests and cold temperate desert, and smaller in 

tropical savanna woodlands and temperate grasslands. This may be related to their 

dependence or mostly smaller seeds of grasses (Franklin 1998). 

Wiens and Johnston (1977) indicated that regional or seasonal shifts in the 

distribution and abundance of granivorous species are usually associated with 

variation in seed supplies. For more sedentary granivores, regional patterns of 

abundance may also show close relationships to resource availability. In addition, as 

diet is low in moisture (even though metabolic water is possibly produced) daily 

access to free water is crucial for most granivorous birds (Wiens and Johnston 1977). 

Thus the spatial patterning of grasslands, the patterns of seed production in both space 

and time and water availability are likely to be primary drivers of the distribution of 

the granivorous bird species. 

Granivorous bird species have been suffering declines since European settlement 

in the Australian tropical savannas (Franklin 1999). Fraser (2000) argued that these 

declines occurred in low-intensity pastoral land, while Franklin (1999) stated that 

most declines occurred before land clearing became an issue in the savannas. 

However, other influences, including poaching for aviculture (Franklin 1999), exotic 
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predators and urban expansion, may have some effect. The decline of granivorous 

avifauna in the savannas of north Australia has most frequently been attributed to the 

combined impacts of pastoralism and the alteration of fire regimes. However, it is 

only recently that declines have been documented in sufficient detail and basic 

ecological knowledge has accrued to permit reasonable inference about mechanisms 

of change (Garnett 1992, Franklin 1999, Fraser 2000). In this respect, Franklin's study 

of granivorous birds is a critical advance. He not only uses the best available data to 

summarise changes in status, but also considers the ecological characters that appear 

to be associated with particular vulnerability to change. His analyses are consistent 

with an important role for fire determining the status of many species. 

Woinarski (1990) indicated that fire exposed resources in fallen seeds, which may 

be very substantial, attracting savanna granivores that fed on the ground. However, 

very hot late Dry season fires may also destroy more seeds than less intense fires or 

affect the woody vegetation. Fire regimes influence the composition of the grass 

layer, including representation of perennial grasses (Russell-Simth et al. 2003a) that 

provide important seed resources at critical times (Dostine et al. 2001). Fire may alter 

timing of seed production and the quantity of seed produced (Setterfield and Williams 

1996). In some woodlands and open forests, larger older hollow bearing trees used by 

some birds for nesting are particularly vulnerable to hot fires (Williams c/ al. 1999). 

Thus there are many mechanisms for change in fire regime that could be a factor in 

the decline in the distribution and abundance of granivorous species. 

1.2.2. Granivorous avifauna and habitat research in tropical savannas 

In tropical savanna landscapes, granivorous avifauna, including a number of 

endangered species have been declining following on the heels of European pastoral 

settlement and the associated disruption of Aboriginal society and their landscape 

management practice (Woinarski 1993; Franklin 1999; Fraser 2000). However, there 

have been few studies specifically addressing the details of granivory in the savannas 

(Franklin 1998). A brief overview provided by Garnett (1992) firstly summarised the 

status of selected species. Fourteen species of granivorous birds from the tropical 

savanna woodland were categorised as threatened, while six of them were considered 

as 'Insufficiently Known'. Franklin (1999) conducted definitive studies on distribution 

-8- 



Chapter 1 Introduction 

and issues of granivorous birds in savanna landscapes. Studies of the ecology of 

Partridge Pigeon and Gouldian Finch have provided some important insights, 

although much remains to be learned, even about these species (e.g. Fraser 2000, 

Dostine eta! 2001). 

The focus of such related researches mentioned above was on determining the 

habitat requirements of managed species. Often qualitative habitat description of 

configuration, including structure and resource availability has been taken into 

account to guide efforts to maintain populations of target animals through 

management (Faaborg 1988). Habitat fluctuation patterns and impacts from human 

activity such as fire management have drawn the attention of zoologists, ecologists, 

conservation practitioners and decision makers (e.g. Andersen ci al. 2003). In 

northern Australia, many of the landscapes are fire-prone because of the climate, the 

flammability of the vegetation and frequent ignition both by humans and through 

natural phenomena like lightning (Bradstock ci al. 2002). The relationship between 

habitat condition including resource availability in the landscape and fire regimes has 

been increasingly recognised as an essential component for understanding the 

dynamics wildlife habitats. 

However, information on habitat condition and dynamics required for research on 

wildlife-habitat relations and for subsequently developing management practice has 

not been obtained satisfactorily by traditional approaches. It has been suggested that 

analyses of real-time, remotely sensed data can address the problem of providing 

temporally and spatially detailed information on habitat patterning (Johnston 1998). 

Some useful progress has been made in application of these techniques in the tropical 

savannas (e.g. Pearson 1998, Ahmad ci al. 1999, Khwaja 2001). Traditional 

techniques of ground-based vegetation survey and analysis in conjunction with aerial 

photograph analysis can provide information on time series changes in habitat 

structure and distribution in field plots or in small areas, but are unable to characterise 

spatial patterns over very large scales. Satellite imagery can provide information 

concerning the landscape, including categories of: (1) land cover; (2) the geographical 

distribution of specific features of the environment; (3) the size, form and pattern of 

characteristics on the surface of the Earth; (4) the temporal dynamics of the landscape. 
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Current studies using various data from different satellite sensors, mapping various 

landscape types and analysing their pattern and dynamics try to connect imagery 

information to ground-based descriptions of vegetation physiognomic type and cover, 

and are developing novel interpretation methodologies (Johnston 1998). 

In this setting, apart from acquisition of large-scale land information, Sample 

(1994) suggested that design of landscape-oriented plans for habitat management 

must be rooted in a wide range of spatial variables, some of which can be measured 

from remotely sensed imagery. Furthermore, most analyses need to be carried out 

within specialised database management systems to enhance spatial and temporal 

analysis, which are able to process bulk data converted from images. 

Application of techniques in Geographic Information Systems (GIS) to analyse 

and model habitat dynamics started in the 1980s (Pereira and Itami 1991). Since then, 

increasing interest has been shown in the combined use of remotely sensed imagery 

and GIS based data sets for environmental applications. Integration of GIS tools and 

image processing techniques, conceptualised as IGIS in the remote sensing 

community (Hinton 1996), can reduce the cost of gathering resource information, 

reduce the time required to capture the information and increase the detail of the 

information. 

Pioneering studies on habitat research were carried out with GIS to spatially 

model habitat quality for three bird species, using georeferenced environmental data 

to create habitat suitability maps (Lancia et al. 1986). Thereafter, a number of 

published studies of wildlife habitat with a GIS approach have presented a wide range 

of directions for habitat modelling for management and conservation (e.g. Pereira and 

Itami 1991). Palmeirim (1988) used remote sensing data and a GIS to map avian 

species habitat, considering not only land-cover types but also habitat spatial features, 

such as patch size and distance to edge. The integration of remote sensing and GIS 

has been confirmed to be an effective method for landscape ecology studies, as this 

approach provides quantified measures of habitat pattern and the capability for 

temporal modelling of landscape processes by using a sequence of images. 
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1.3. Habitat Resources: Spatial Approach 

Habitat is defined as a place where animals live and that provides basic resources 

such as food, water and cover (Bell el at. 1991). The patterns of resource distribution 

and the way in which resource availabilities intersect in space and time are the 

attributes that are selected by wildlife for short or longer-term use. 

1.3.1. Natural influences on habitat structure 

In different habitats around the world, a great variety of patterns of fire effects 

has been ecologically observed. In some types of landscapes, a sequence of colonising 

species may occur in post-fire habitats (Specht et at. 1958, Shafi and Yarranton 1973, 

Taylor ci at. 1987). In other habitat types, fire was observed neither initiating any 

change in plant species composition nor being a succession-initiating disturbance 

(Wein and Bliss, 1973, Abrahamsom 1984). However, fire temperature and rate of 

spread are neither uniform nor consistent, and specific plant structures are strongly 

correlated with flammability, including fuel loading, particle density, fuel surface-to-

volume ratio and fuel porosity (Mushinsky and Gibson 1991). It has been evident that 

fire can enhance the heterogeneity of vegetation and hence the heterogeneity of the 

distribution and abundance of resources used by fauna, and hence habitat quality. The 

most significant effect of biomass combustion tends to be on habitats that have a high 

degree of intrinsic heterogeneity (Mushinsky and Gibson 1991). Patchiness in a fire-

free landscape may remain essentially and spatially static, but burned patches may 

initiate a new period of post-fire changes of vegetation structure that will vary in their 

details across the landscape. 

Mushinsky and Gibson (1991) suggested that fire is a significant abiotic agent of 

disturbance that affects the structure of habitat around the world and the evolution of 

species' strategies to cope with related change. After reviewing an extensive literature 

that documented the dominant role of fire in the history and biology of terrestrial 

communities, they found the responses of different ecosystems to fire vary 
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considerably so that broad statements regarding the influence of fire on habitat 

structure were difficult to make. 

Fire can also influence phenological processes. It can provide the stimulus for 

flowering, regrowth and seed dispersal in some plant species in some habitats (Wein 

and Bliss 1973, Bowman and Fensham 1991), resulting in changes of phenology, 

distribution and growth patterns of those species when subjected to fire. Changes 

caused by fire can gradually alter habitat structure over the long term (Russell-Smith 

et al. 2003). The integration of remote sensing and GIS provides a way to explore 

these influences on phenological processes at large scale and at a time series, and to 

enable assessments of implications for dynamics of resources important for fauna. 

In the tropical savanna landscapes, the role of fire in affecting habitat structure 

and resource availability has been contentious. Knowledge of fire effects, patterns and 

the mechanisms by which fire influences resources is crucial for land management 

and wildlife conservation. However in areas subject to different land use, fire 

patterning and implications for management strategies have not been explored in an 

integrated way. This understanding could be crucial for biodiversity conservation and 

production in savanna landscapes. The latest technologies, such as remote sensing and 

GIS, landscape ecology perspectives and statistical modelling approaches can provide 

the tools for revealing a broader view for savanna fires. This study applies such tools 

as a step towards addressing some of these questions. 

1.3.2. Habitat management: a healthy balance 

Morrison et at. (1998) point out that the basic tenets of habitat management 

articulated by early wildlife biologists still prove useful today: wild animals need the 

essentials of shelter, food and water for survival of individuals and for populations to 

be maintained. However, they argued for an extended view to include the ecosystem 

context, rather than their analysis to traditional habitat concepts of cover, food and 

water, treated more or less independently. The larger context includes other biotic and 

abiotic factors. Wildlife management involves dealing with the full set of 

environmental factors, ecological roles of other species and abiotic conditions and 

events, including systematic and chronic changes and acute environmental 
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disturbances or perturbations like, for example, fire. Consequently, habitat 

management for conservation calls for a balance between conserving species and their 

variable populations (particularly endangered ones) and providing the rich complex of 

many species' ecological functions and the full set of ecosystem processes and the 

conditions required for survival and development (Morrison et al. 1998). 

The broad scale perspective and capacity to link observations across spatial and 

temporal scales is an important capability of remote sensing and GIS methods, 

particularly suited to the study of a widespread process occurring across continuous 

landscapes (Hinton 1996). Coupling remote sensing and GIS approaches with 

statistical modelling provides the option to explore landscape and anthropogenic 

influences on fire patterns and hence fluxes of resources at scales that explicitly 

incorporate the landscape context. 

1.4. Savanna Fire: A Brief Description 

Fire, which has been considered an intrinsic feature of savanna landscape and a 

determinant of savanna vegetation structure, is extensive and frequent, and most fires 

are ignited for a variety of purposes that includes conservation management, 

Aboriginal land management practices, and pastoralism management for stock 

production and pasture maintenance (Russell-Smith el al. 1997, Williams et a! 2002). 

Dry season fires are used to reduce fuel loads, to provide regrowth for cattle and 

kangaroos, and to create patchy mosaics of burned and unburned country to help 

maintaining habitat diversity. Despite considerable efforts devoted to control burns to 

protect pasture and built infrastructure, large wildfires remain common (Dyer et al. 

2001). 

1.4.1. Historical pattern of burning in Australian savannas 

Even though it has long been recognised that extensive burning occurs in the 

northern Australian savannas, it is only in the last few years that the extent of the 

annual conflagration taking place in the sparsely settled and Eucalyptus-dominated 

savanna landscapes has been quantified and compared with other parts of the 
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continent. Estimates from the interpretation of coarse resolution imagery NOAA-

AVHRR indicated that 75% of the area burned yearly in Australia occurred in the 

tropical savannas (Russell-Smith el al. 2003). Fires are not only frequent but may also 

be large in extent. It has been proposed that the prevailing patterns represent 

important shifts in fire regimes from prior patterns determined by small patchy fires lit 

throughout the year by Aboriginal people moving through their estates. Williams ci 

al. (2002) suggest that current fire regimes are attributable to high rates of ignition in 

large area and wet-dry climate that consistently produce moderate-severe fire-weather 

and dry fuels. 

1.4.2. Fire regimes: a controversy 

As Williams el al. (2002) defined fire regimes are the product, both currently and 

historically, of high rates of ignition, a relatively flat landscape and a fire weather in 

association with dry fuels. The significance of different regimes remains contentious 

because of the great variety of patterns observed in different habitat types, the 

different management objectives of those applying them, and uncertainty about the 

sorts of regimes needed to produce desired outcomes at different scales (Russell-

Smith et al. 2003). There is clearly a need to develop new approaches to the analysis 

and description of complex fire regimes so that they can be more easily related to land 

management and conservation outcomes. 

Indigenous peoples ignited the tropical savannas in the north of Australia for a 

variety of reasons, including hunting, facilitating movement and ceremonial purposes 

(Whitehead et al. 2003). In Arnhem Land burning was/is conducted through the whole 

dry season. Along with the spreading of combustion from dry hills to creek margins 

and other low land, a patchy mosaic of burned and unburned country is created (e.g. 

Yibarbuk 1998). Top End explorers records demonstrate that burning was 

undertaken from March to December, with a major peak in June-July, in the middle of 

the dry season, and a second peak in October-November before the next season 

storms become frequent (Braithwaite 1991, Preece 2002). 

An issue of considerable concern in regard to contemporary fire regimes in the 

Australian savannas is the frequency of large to very large individual fires in the late 

- 14 - 



Chapter I Introduction 

dry season. Various authors have proposed that shifts in fire regimes from small 

patchy fires lit throughout the year by people moving through their estates to larger 

fires, often occurring during more severe fire weather and hence having greater 

impact on the vegetation and fauna, are implicated in the adverse change (e.g. 

Williams et al. 2002, Russell-Smith ci al. 2003). Ignition in the Australian savannas is 

overwhelmingly due to human activity (Williams ci al. 20021). Under contemporary 

circumstances, fires lit late in the dry season, irrespective of purpose, put large areas 

at risk because little of the country is subject to intensive management. The full range 

of mechanisms driving these changes is uncertain, but is thought likely to include 

changes in fire regimes following European settlement and the reduced influence of 

the layer extended practices of Aboriginal people and interactions with grazing. 

However, instead of focusing on these fire patterning, most of the published 

records are at very large spatial scales and do not relate fire patterns to features of the 

landscape, including vegetation types. Also, previous studies on fires occurring in 

northern Australian savannas were all examined more or less in intensively managed 

National Parks (e.g. Russell-Smith etal. 1997, 1998, Gill ei al. 2000, Edwards etal. 

2001, Andersen etal. 2003, Bowman etal. 2003, Russell-Smith et al. 2003). Remote 

sensing and Geographic Information System techniques provide a chance to explore 

fire effects in habitats that can be mapped in considerable detail. In the broad analyses 

outlined above, it has been impractical to explore potential influences of fire or habitat 

quality at relevant spatial scales, including those that may be implicated in the decline 

of certain faunal groups. My more detailed studies at finer resolution in space and 

time are a step towards addressing that gap. 

1.5. Habitat Management in Tropical Savanna Landscape 

In the extensive eucalypt forests and woodlands of north Australian tropical 

savannas, the primary land use has been extensive pastoralism. So far, there has been 

little land clearing (Graetz 1995). Intensive agriculture occupies a small proportion of 

the land surface, and very sparse human populations reside in many areas (Whitehead 

c/ al. 2003). Unlike many landscapes in the world, landscape structure appears on the 
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surface to be intact. Public awareness of land management issues has increased over 

the last decade or so, and wildlife management research and applications have been 

improved revealing that this suppression of intactness is misleading (Franklin 1997). 

More recently, savanna conservation practitioners have learned a good deal more 

about the land management practices of Indigenous people and their implications for 

conservation. (Yibarbuk el al. 2001, Whitehead el al. 2003). 

1.5.1. Aboriginal habitat management practice 

In the tropical savannas of northern Australia, Aboriginal traditional habitat 

management was mostly based on fire use. Ethnographic data show that Indigenous 

burning was a critical in traditional Aboriginal economies and played a principal role 

in the maintenance of the landscapes subsequently colonised by Europeans (Bowman 

1998). The purposes for which they used fire and the manner in which they employed 

it created patchwork that, amongst other things, provided favourable habitats for 

herbivores or increased the local abundance of food plants. These habitat mosaics 

favoured the abundance of some mammal species and maintained some areas of 

infrequently burned habitats upon which the survival of specialised flora and fauna 

depends (Bowman 1998; Yibarbuk etal. 2001). 

1.5.2. Modern management models 

Whitehead et al. (2000) summarised wildlife management issues in north 

Australian savannas, which include grazing by domestic and feral herbivores, 

inappropriate fire regimes, exotic predators, land clearing, weeds, water use for 

production and wildlife harvest. They took into account a number of special 

challenges for mitigating existing problems influencing the conservation planning for 

the main animal assemblages in north Australian savannas, including granivorous 

birds and other frugivorous and nectivorous bird and mammal species. Some of the 

most significant issues they identified were the challenges of (i) determining which 

mixes of management regimes produce favourable outcomes at large (regional) scales 

and (ii) implementing preferred management regimes in sparsely populated, 

infrastructure-poor landscapes. 
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1.6. Thesis overview and scope 

Drawing on the analysis in the present study and related studies (Fraser 2000, 

Dostine el al. 2001), I identify those resources for granivorous birds most likely or 

plausibly to be influenced by variation in fire regimes. I have summarised evidence 

that fire has significant effects on important features of granivorous bird habitats. I 

have also summarised evidence that contemporary fire regimes at the broad scale are 

different from what is thought to have prevailed during many millennia of Aboriginal 

burning and hence may be at odds with the maintenance of the present savanna biota. 

This study seeks to explore these issues in greater detail at an important savanna site 

in the Fergusson River Catchment, where a variety of land use types are mixed and to 

analyse the implications for achieving biodiversity conservation objectives in this 

region. Its primary goal is to examine the application of remote sensing and GIS 

techniques and the descriptions of landscape structure and process they facilitate to 

inform important issues in land management and especially fire management. The 

discussion to connect this work to granivorous birds is mostly to provide a convenient 

focus rather than to advance understanding of the ecology of granivorous birds. 

I have proposed that understanding the impacts of fire on granivorous birds in the 

Australian tropical savanna landscapes calls for a comprehensive study to characterise 

fire patterns as influences on availability of resources used by such fauna and hence 

on the quality of their habitats. I propose that optimal conservation management plans 

require a much better understanding of fire patterns and fire occurrence modelling in 

the landscape and the development of methods of presenting information in ways that 

are interpretable by both fire management and wildlife management authorities. 

Innovative methodologies in fire mapping and fire pattern analyses are needed to 

effectively and thoroughly illustrate fire patterns both spatially and temporally. 

Characterising fire patterns includes spatially mapping fire scars and tracing fire 

occurrences through time to improve understanding of fire frequency, or the intervals 

between fires. Challenges for accurately mapping fire patterns with remote sensing 

imagery in the tropical savanna landscapes, that show complex and continuous 

-17- 



Chapter 1 Introduction 

variation are different from boreal forests where uniform vegetation cover simplifies 

mapping. 

In the savannas, fire scars are most often obliterated in less than a year. Indeed, 

recovery can occur within weeks (Bowman et al. 2003). Thus, comprehensive 

sampling through time may be required. Whilst expensive and laborious, this 

obligation has the potential to inform understanding of variation of within-year fire 

patterns and hence variation in severity of burning (Williams etal. 1999). Patchiness 

or/and fragmentation are main indicators measuring variations in the landscape 

structure to indicate landscape health (Whitehead et al. 2000). Fire-created 

patchworks may provide favourable habitats for wildlife and hence maintain 

biodiversity. Conservation practitioners need knowledge of patchiness to optimise 

conservation planning. Landscape metrics derived from remote sensing data with GIS 

approaches can provide novel perspectives on fire patterning and its implications. The 

need for or feasibility of management intervention to alter patterns can be explored 

through comprehensive analyses of the natural and anthropogenic features that 

influence the patterns. 

I use such analysis to draw inferences regarding the likely implications of these 

regimes for resource availability for granivorous birds and for effective fire 

management. I summarise what the fire patterns indicate about the quality of regional 

fire management and suggest options for interventions with the greatest prospect of 

improving regimes to favour conservation of important values. 

Within these broad objectives, the main research questions I have sought to 

address are: 

• How can operational approaches be developed to use historical satellite imagery to 

map fires with imagery in Australian tropical savanna landscapes? 

• What is the extent of burning and spatial and temporal configuration of fires in the 

study area? 

• How can fire regimes be best described quantitatively in ways that are likely to 

capture important ecological consequences? 
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• How can archive fire mapping data be best employed to provide relevant analysis 

and statistics on fire regimes? 

• What outcomes for exploring fire patterns can the integration of remote sensing 

and GIS with landscape ecology perspectives produce? 

• What natural and anthropogenic features of the landscape influence fire 

incidence? 

• What are some of the implications of those patterns for availability, in both space 

and time, of resources for wildlife? 

• What fire management options are plausible to alter prevailing fire patterns? 

The operational approaches I use to explore these issues are: 

Optimising vegetation mapping with Landsat Thematic Mapper imagery within 

the limitations imposed by spectral and spatial resolution. 

Developing an operational approach to efficiently map bush fire in the Australian 

savanna landscapes by interpreting available historical remote sensing data. 

Developing an effective and semi-automated method to extract fire intervals from 

historical remote sensing data. 

Characterising fire patterns in the Fergusson River catchment as a whole and in 

terms of variation within (seasonally) and across years and among different 

landscape elements. 

Generating relevant landscape metrics that are derived from both fire and 

vegetation mapping interpreted from remote sensing data set. 

Analysing landscape and anthropogenic parameters that influence fire patterning 

and selecting the best model describing fire patterns in the study area. 

The thesis structure is described briefly below: 

Chapter one has introduced the study and gives a brief and succinct introduction 

relevant to this study, such as tropical savannas, resource availability, integration of 

remote sensing and GIS technologies, savanna fire and issues of land management. 

- /9- 



Chapter I Introduction 

Chapter two describes the study area in the context of savanna landscapes of the 

northern Australian tropics and data used in this study. Description of the area 

provides the background for understanding fire and land management issues in the 

region. 

Chapter three explores vegetation community configuration in the study site. 

Interpreting Landsat TM cloud and fire free image with image processing procedures 

is used to provide a finer resolution map than that has been available to date in the 

region. The vegetation map of the study area provides a basic and important land 

cover data through which further fire patterning and landscape metric analyses and 

fire occurrence modelling can be achieved. 

Chapter Four firstly develops an operational approach for using remote sensing 

imagery to map fire scars suitable for the complex landscape features of the tropical 

savannas. Using this new method, a historical data set of 27 Landsat TM images 

across twelve years from 1989 to 2000 is interpreted for fire patterns over the last 

decade. This chapter analyses a number of important features of fire regimes in the 

area, particularly the spatial extent of burning through the whole study period and in 

monthly, seasonal and annual subdivisions to characterise fire patterns in both spatial 

and temporal scales. 

Chapter Five examines fire patterns and their fluctuations in different vegetation 

communities, employing both vegetation and fire mapping results summarised in 

Chapters Three and Four. This chapter characterises the most fire prone vegetation 

types in different time slices, contributing to better understanding of habitat dynamics 

in the study area. Patch configurations and their seasonal fluctuations are summarised 

with GIS technique in this chapter to explore the spatial characteristics of fire scars. 

Chapter Six explores configurations of fire scars in relation to underlying 

vegetation patterns and infers mechanisms underlying these patterns. Fire mapping 

results are used to derive landscape metrics in both fire scar patches and fire-affected 

vegetation patches. 
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In Chapter Seven, a synthesis is undertaken and implications are drawn regarding 

the results of the fire and vegetation pattern analysis for effective management and 

achievement of conservation objectives. Statistical models in early, middle and late 

dry season and the dry season as a whole for the relationships between fire frequency 

and landscape variables are derived for each of the periods. Explanatory variables 

include elevation, aspect, slope, Euclidean distance to river, vegetation, land use and 

Euclidean distance to roads. This regression-based assessment using Generalised 

Linear Modelling (GLM) provides a view of the extent to which variations in fire 

incidence can be explained in terms of landscape structure and its human uses. This 

better understanding can help to identify major issues for fire management and 

conservation in the region. 

This thesis by no means provides all the answers to the many questions that arise 

in regard to fire management in the Fergusson River Catchment. Rather, it is intended 

to be an important methodological and analytical contribution to the context needed to 

frame more focused questions and studies for management of fire to maintain 

important values of savanna landscapes. 
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Chapter Two -- FERGUSSON RIVER CATCHMENT: 

DESCRIPTION OF STUDY AREA AND GIS 

DATA 

2.1. Typical Tropical Savanna Landscape 

2.1.1. Study area description 
The study area is located in the Fergusson River Catchment (FRC) in the tropical 

savannas of northern Australia. The study area covers a 69.42 km E-W by 66.63 km 

N-S area (4 625.5 km2) and is bounded by longitudes 131048'E, 132027'E and by 

latitudes 13041'S, 14017  (Figure 2.01). 

The Fergusson River Catchment (FRC) is an exceptionally interesting region from 

biogeographic, ecological and anthropogenic impact points. The catchment includes a 

portion of the Nitmiluk National Park and a small corner of the southwest margin of 

Kakadu National Park. Townships, a major highway, mining industry, pastoral land, 

and Aboriginal communities who own larges area of land used for hunting and 

subsistence gathering, are also distributed in this area. The site also lies close to the 

major regional centre of Katherine, with a population of about 7 000 people. The 

region comprises substantially human-impacted sites, protected, and natural areas 

with relatively intact landscape features and less clearing. This mix of land use types 

is likely to interact strongly with fire regimes to influence landscape condition and 

persistence of local fauna and flora. 

The Fergusson River runs through the study area and is fed from a number of 

tributaries originating in rolling hills and the high land to the southwest. The 

Fergusson River flows strongly during the wet season but may break up into large 

disconnected pools during the dry season. Many of the main tributaries are highly 
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Figure 2.01. Location of the study area and areas covered by images used in the present study. 
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seasonal or ephemeral, although small seeps and pools may hold water through all or 

much of the extended dry season. 

2.1.2. Geographic characteristics 

The rugged Arnhem Land plateau rises in the eastern part of the study area to an 

elevation of approximate 400 in. The resistant, flat-bedded Middle Proterozoic 

quartzose sandstones are a major topographic and geological feature on the plateau, 

which is bounded by a sheer and spectacular escarpment on its western perimeters. An 

undulating Cainozoic plain stretches westward from the plateau margins and is 

composed of weathered (laterized) and coarse-grained sediments (Williams 1991). 

The Lower Proterozoic Agicondian System covers this area, and siltstones 

constitute the dominant geological feature (Randal 1963). These ancient terranes have 

been extensively folded and sheared, with subsequent erosion forming a geological 

structure of rolling hills where slopes are less than 15°. The soils are skeletal sandy 

barns, mantled by angular cobbles (1-8 cm diameter) (Bowman et al. 1991). 

2.1.3. Climate 

The monsoonal climate is characterised by intense rainfall seasonality (Table 

2.01), with over 90% of rainfall occurring in the summer-wet season from November 

to March. The study area experiences a average yearly rainfall of 1 100 mm. Records 

from Katherine meteorological station located near the southern boundary of the study 

area indicate a mean annual precipitation for the period 1980 - 1989 of 976 mm, of 

which 92% falls between November and March. However, rainfall can be highly 

variable in amount and timing (Taylor and Tulloch 1985). Temperatures and 

evaporation rates are high throughout the year with maximum daily mean temperature 

of above 30°C and minimum mean of 20°C annually. Evaporation rates are about 6-8 

mm per day (Huntley ci al. 1982). Frosts have not been recorded in this area. 

2.1.4. Flora and fauna 

The main vegetation feature in the study area is that of over-stories of forests and 

woodlands these are usually dominated by various Eucalyptus spp. and the tropical 

legume Erythrophleum. Annual and perennial spear grass Sorghum spp. often 

dominate the grassy understoreys. On poorly drained sites Melaleuca species may 
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Table 2.01. Summary of monthly climate averages in the study area 

Climate data is provided by the NT Branch, the Australian Bureau of Meteorology and from Katherine Aviation Museum Observation Station. 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC AVE ANN 

Mean daily min temp C° 24.3 24.0 23.1 20.9 17.0 14.0 12.9 14.8 20.3 23.9 24.7 24.6 20.4 

Lowest min temp C° 19.5 18.7 15.5 9.8 6.5 3.8 4.2 4.0 8.9 13.3 14.5 19.3 3.8 

Meanrainfallmm 271.6 256.1 188.7 37.7 6.1 0.3 1.4 1.0 7.7 38.0 87.0 203.6 1099.2 

Median rainfall mm 222.8 270.0 136.2 21.6 0.0 0.0 0.0 0.0 0.0 23.6 85.8 161.2 1062.0 

1989 168.4 61.2 353.0 128.6 0.0 0.0 0.0 0.0 0.0 37.0 60.2 89.6 74.8 898.0 

1990 221.4 130.8 93.4 1.0 87.8 0.0 0.0 0.0 0.0 0.8 133.0 323.8 82.7 992.0 

1991 416.8 361.2 3.4 21.6 0.0 0.0 0.0 0.0 1.0 0.0 117.9 84.9 83.9 1006.8 

1992 84.0 279.8 22.2 26.0 30.4 0.0 0.0 0.0 2.2 81.6 119.0 121.8 63.9 767 

1993 334.0 271.6 28.4 1.0 0.2 0.0 0.0 0.0 0.0 24.8 105.0 297.0 88.5 1062.0 

1994 117.4 187.0 268.2 5.6 0.0 0.2 0.0 0.0 0.0 23.4 177.8 132.5 76.0 912.1 

1995 353.2 187.4 129.8 44.2 3.0 0.0 0.0 0.0 1.8 36.8 74.0 119.4 79.1 949.6 

1996 259.4 59.2 57.8 94.6 0.0 0.0 0.0 0.0 0.0 1.2 84.0 405.4 80.1 961.6 

1997 509.6 253.8 99.0 0.0 0.0 0.2 0.0 0.0 0.4 606 57.2 392.2 109.9 1319.0 

1998 913.8 98.8 97.1 5.4 0.0 5.6 0.0 0.0 48.8 100.6 83.4 419 147.7 1772.5 

1999 160.0 300.4 236.0 38.8 0.0 0.0 0.0 0.0 0.0 122.6 91.2 157.2 92.2 1106.2 

2000 121.4 207.0 300.4 171.0 0.0 0.8 0.0 0.0 0.0 122.2 121.0 205.2 104.1 1249.0 
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dominate the overstorey. Freshwater communities ranging from sedgelands to open 

forests dominated by Melaleuca spp. are distributed along the creeks in lowlands. 

Hummock grasses are confined to some rocky areas with skeletal soils, e.g. in the 

Yinberrie Hills area which occupies the central part of the study area (Wilson et at. 

1990, Russell-Smith 1995). The spatial patterning of tree and herb species varies 

depending on topographic location. Most of the woody species in the study area have 

continuous sequences of flowering times and some drop their foliage to different 

extents in the dry season (Dostine et at. 2001). 

During the dry season, the dominant eucalypt and other species flower at different 

times and periods. Bowman et at. (1991) suggested that the flowering of plant species 

throughout the dry season reflects a major food resource for many animal species that 

includes facultatively granivorous avifauna. Woinarski et at. (1988) demonstrated that 

vegetation patterns strongly influenced the assemblages of birds in Australian tropical 

savanna woodlands and forests. 

In the area around and within the Yinberrie Hills, important habitats for 

granivorous birds are approximately 200 km inland from Darwin municipal region 

and 45 km northwest of the Katherine township, and covers the central part of the 

study area (Dostine etal. 2001). Field investigation demonstrates that 80 species of 

birds are seasonally or permanently present in the region, including 16 species of 

granivorous birds. Cockatiel (Nymphicus hollandicus), Galah (Eolophus rose icapitta), 

Peaceful Dove (Geopelia striata), Hooded Parrot (Psephotus dissim ills), Northern 

Rosella (Plalycercus venustus) and some finches were recorded as common species in 

the study area (Woinarski and Tidemann 1991). 

Of great importance is the important breeding site of the Gouldian Finch 

(Erythrura gouldiae) which is located in the Yinberrie Hills and adjacent region 

(Dostine et al. 2001). The breeding site is in the central area of the study site where it 

has been affected by the development of the Mount Todd gold mine. The study area, 

especially its central part, Yinberire Hills, is potentially of high conservation and 

research value as these rocky communities are relatively free of cattle grazing, and 

hence weed invasion and erosion. Being important for granivorous and nectivorous 
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birds, this area has been the focus of a number of studies (Tidemann 1996, Woinarski 

1993, 1995, Dostine el al. 2001). 

Fire studies, including fire history mapping and experimental fire regimes, have 

been conducted in adjacent and intensively-managed National Parks (Russell-Smith ci 

at. 1997; Gill et al. 2000; Edwards el al. 2001; Russell-Smith ci at. 2003). These 

research indicate that under prevailing management regimes late dry season 

uncontrolled wildfires are causing catastrophic change in fire-sensitive vegetation and 

their constituent or dependent flora and fauna in the landscapes. Including different 

land use types, the study area defined for the present study can provide a chance to get 

better understanding on fire management in anthropogenic influenced region. 

2.2. Data and Material 

2.2.1. Landsat Thematic Mapper imagery 

Landsat Thematic Mapper images and Landsat Enhanced Thematic Mapper Plus 

(ETM+) images were chosen to implement all mapping and analyses in this study as 

they provide reasonable temporal, spectral, and spatial coverage at reasonable cost 

compared with the other existing data sources, such as SPOT and Multispectral 

Scanner (MSS) imagery. Quarter scenes acquired over a period of 12 years from 1989 

to 2000 were examined and found to be suitable for this study. 

Efforts were made to acquire cloud free images at appropriate times of the year to 

capture seasonal variance broadly classified as early (March-May), middle (June-

August) and late (September-November) dry season. A data set of 27 time series 

images was selected from Landsat-5 and Landsat-7 satellites for the study area. 

Spatial resolution of Landsat Thematic Mapper imagery is 30 x 30 in (one pixel in 

visual display). Over the twelve-year period, there are eight, twelve and seven images 

available in the Early, Middle and Late dry season, respectively (Table 2.02). 

2.2.2. IKONOS data 

A full scene high-resolution IKONOS image acquired though Space Imaging's 

IKONOS earth imaging satellite on 3 July 2000 covers a subset of the study area, and 
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Table 2.02. Date and period in dry season for the twenty-six Landsat-TM images and 
one Landsat-ETM image used in this study. 

Type of sensor Date of image acquisition Period in dry season 

Thematic Mapper 31/07/1989 Middle 

17/09/1989 Late 

29/04/1990 Early 

03/08/1990 Middle 

22/08/1991 Middle 

23/07/1992 Middle 

21/04/1993 Early 

11/08/1993 Middle 

24/04/1994 Early 

14/08/1994 Middle 

01/10/1994 Late 

27/04/1995 Early 

23/07/1995 Middle 

23/10/1995 Late 

29/04/1996 Early 

02/07/1996 Middle 

09/10/1996 Late 

16/04/1997 Early 

05/07/1997 Middle 

07/09/1997 Late 

21/05/1998 Early 

22/06/1998 Middle 

26/09/1998 Late 

24/05/1999 Early 

Enhanced Thematic 04/08/1999 Middle 

Mapper Plus (ETM+) 07/10/1999 Late 

19/06/2000 Middle 
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was used together with ground-based sampling for validating of the fire scar mapping 

from Landsat imagery. Visual identification of fire scars was feasible on the IKONOS 

image with 1 by 1 in spatial resolution for fire scars. 

2.2.3. Ground data 

Field data were collected for two main purposes: validation of the mapping results 

for fire scars and vegetation configuration. Four transects of 5km length each placed 

to intersect a wide range of landscape types in the study area and were walked for 

noting the locations of fires in 50 in intervals. Records for fire scar coordinates using 

handheld GPS (Magellan GPS 3000 Receiver) were made during fieldwork. An 

important component of this fieldwork was carried out at the acquisition time of the 

June 2000 Landsat Enhanced Thematic Mapper Plus (ETM+) image, which was used 

for the development of the fire mapping approach. This synchrony is crucial because 

fires are frequent and occurring continuously at this time of year. A total of three-

hundred field observations to assess the overall accuracy rate of fire mapping were 

thus available. The panchromatic band of the IKONOS image was used as a second 

method for identification of fire scars on the Landsat Thematic Mapper image. In 

addition, 32 plots with an area of 60 by 60 in each were set up for validating the 

vegetation mapping. Both overstorey and understorey of the vegetation covers were 

investigated. The vegetation classification scheme I initiated for more detailed 

classification specifically for fire-vegetation analysis in this study is dependent on the 

image spectral resolution, which is scarcely capable of discerning the habitat 

vegetative composite in the details of understorey species, and depended on the 

existing classification scheme in the region (Wilson el al. 1990). 

2.2.4. Ancillary data 

Ancillary data for fire mapping included 1:100 000 hard copy geological maps 

and a 9-second Digital Elevation Model (DEM) provided by the Australian Survey 

and Land Information Group (AUSLIG, now Geoscience Australia). 

For fire frequency modelling, a 3-second DEM provided by the Department of 

Infrastructure, Planning and Environment (DlPE) of Northern Territory was used for 

analysis and to create aspect and slope data. Digital road and river maps from former 

AUSLIG and land use map from DIPE were also used in this study. 
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Chapter Three - VEGETATION MAPPING OF THE STUDY AREA 

3.1. Introduction 

3.1.1. Savanna vegetation 

Even though the word savannas' has not been defined in common, there has been 

increasing consensus that savanna vegetation includes a continuous grass stratum 

usually including trees and shrubs exhibiting similar structural and functional 

characteristics (Cole 1986). However, the plant species dominating savanna vegetation 

vary geographically and the structure and composition varies substantially at the 

landscape scale. For different continents and regions, knowledge of savanna fioristics 

and ecology varies from outline information on physiognomy and characteristic species 

at one extreme, to detailed phytosociological data and measurements of structure and 

life form, biomass and productivity at the other. In an attempt to grapple with this 

variability, Cole (1986) proposed a classification for savanna vegetation, which 

includes savanna woodland, savanna parkland, savanna grasslands, low tree and shrub 

savanna, thicket and scrub, and a range of intermediate types. 

A variety of factors can influence the distribution and species composition in the 

savanna landscape, including physical drivers such as climate, soil, geomorphology 

geology and fires, and biotic factors such as wild herbivores, domestic herbivores, and 

human interventions. Savanna vegetation pattern is a result of the spatial and temporal 

interplay of all the factors of the environment. Vegetation pattern influences the type 

and abundance of resource available to fauna. Thus the effects of fire on resource 

distribution can only be understood if fire pattern can be related to the types of 

vegetation being burned. 

3.1.2. Australian tropical savanna vegetation cover 

Vegetation cover in Australian tropical savannas is characterised by considerable 
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variation in the woody components and may include large expanses of low tree and 

shrub land. Distribution patterns of the different savanna types may be complex and 

other (non-savanna) vegetation associations and plant communities are often 

interspersed among them (Cole 1986). Table 3.01 shows a classification comparing the 

schemes proposed by Williams (1955), Wood (1960) and Cole (1986). 

Dominated by one tree genus, Eucalyptus, the savanna woodlands in the study area 

mainly occupy Tertiary planation surfaces (Cole 1986). The Top End of Australia 

comprises one of two arcuate belts of woodlands, which are interrupted by wide belts of 

savanna grassland and low tree and shrub savannas and by smaller areas of tropical 

forest, tall shrub savannas and grasslands. The savanna grasslands cover large areas in 

Australian savanna landscapes, mainly on the Barkly Tableland of the Northern 

Territory and over the plains of central and northwestern Queensland. The low tree and 

shrub savannas occupy most of the semi-arid inland regions in Australia where the 

annual rainfall is between 500 and 100 mm. 

Vegetation mapping at a range of scales is essential to provide information for the 

effective management of natural resources and for a variety of associated uses, 

especially for the conservation of biodiversity. The wildlife habitats formed by an 

assembly of vegetation communities are strongly influenced by natural processes and 

human interventions affecting both composition and structure (Whitehead et al. 2003). 

Spatial description of the vegetation composition and structure provide a base from 

which ecological processes and habitat health can be inferred, change monitored and 

the effects of the various natural and anthropogenic influences can be quantitatively 

analysed. 

3.1.3. Vegetation mapping: a remote sensing approach 

Remote sensing data is an important source of information that is needed by 

ecologists but which is not already mapped (Johnston 1998). Satellite remote sensing 

provides a means to characterise the spatial patterns of vegetation at the landscape 

scale. All remote sensing, considered as a departure from the traditional mapping 

techniques, relies on the detection of electromagnetic energy measured from space and 

- 3/ - 



Chapter 3 Vegetation mapping of study area 

Table 3.01. Comparison of classification schemes for Australian savanna vegetation 
Descriptions are from all authors who specified the category. 

Authority 
Description 

M. Cole R. J. Williams J. U. Wood 

Savanna woodland Woodland Savanna woodland Eucalyptus woodland. Deciduous and semideciduous woodland of 
tall trees (> 8 in high) and tall mesophytic grass (> 80 cm high); the 
spacing of the trees more than the diameter of canopy 

Low-layered woodland Savanna woodland Callitris glauca woodland 
Low-layered forest Savanna woodland Acacia harpophylla woodlands 

Savanna parkland Tree and low tree savanna Savanna A cacia-Bauhinia-terminalia grassland. Tall Mesophytic grassland 
(grasses 40-80 cm high) with scattered deciduous trees (< 8 in high) 

Savanna grasslands Tussock grasslands Savanna Astrebla-Iseilima-Dichanthium grasslands. Tall tropical grassland 
without trees or shrubs 

Low tree and Tree and low tree savanna Desert steppe Triodia associations with Acacia and Eucalyptus spp. Communities 
shrub savanna of widely spaced low-growing perennial grass (< 80 cm high) with 

abundant annual and studded with widely spaced, low-growing trees 
and shrubs often < 2 in high 

Thicket and scrub Low-layered woodland Mulga scrub Acacia aneura and A. harpophylla scrub. Communities of trees and 
shrubs without stratification 

Intermediate types Low-layered woodland Acacia shirleyi and A. cambagei scrub 
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varying with the reflectivity and emissivity of plants and of the ground surface. Satellite 

imagery, acquired from various satellite platforms with broad variation in spectral 

properties, has obvious advantages over other mapping methods. Those are (1) synoptic 

coverage from the orbiting satellite, (2) repeated coverage of the region of interest and 

(3) the affordability of the satellite imagery for mapping of large areas (Yang el al. 

1999). 

In traditional botany and geography, vegetation classification has been based on 

inherent vegetation properties, which may rely either on physiognomic properties such 

as growth and life forms, three-dimensional structure, seasonal periodicity, and other 

floristic properties (Box 1981). On the other hand, from the remote sensing perspective, 

reflectivity and emissivity of plant surfaces, and hence principally their leaves are 

measured from space to discriminate different vegetation assemblages. That difference 

in the source of information symbolises a departure between remote sensing 

approaches and traditional mapping techniques. Ground-based surveys provide finer 

details of plant community structure, species composition and distribution, while 

remote sensing surveys present comprehensive spatial and temporal coverage at 

different levels of resolution, both spatially and in terms of composition (Stone ci al. 

1994). 

The use of remote sensing as a tool for wildlife habitat research can be traced back 

to the 1930's (Plunkett 1993). In those pioneering works, aerial photographic mosaics 

were utilised to delineate land cover features of relevance to plant ecology, highlighting 

the relationship between vegetation and water availability by identifying periodic 

swamps and seepage areas. Despite their limitations, remote-sensing methodologies in 

their initial stage provided an often broad scale, comprehensive aerial perspective, 

surveys of a number of large areas and a feasible method to obtain data from remote or 

inaccessible regions, which could not be achieved by field survey. 

After the breakthrough with the US launch of the satellite, 'Landsat 1', in 1972, land 

cover and land use classifications and analyses of vegetation cover through remote 

sensing approaches based on classification of spectral properties have been reported in 

many studies from around the world. Landsat 1 provided imagery in four different 

bands of the electromagnetic spectrum in digital format, but the spatial resolution was 
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coarse (80 m). 

Subsequent to these pioneering efforts, a variety of satellite platforms and remotely 

sensed products acquired from the space has been utilised for land cover delineation 

and vegetation cover analysis, with spatial resolutions ranging from 61 cm of Quickbird 

panchromatic products to 1.1 km in Advanced Very High Resolution Radiometer 

(AVHRR) sensor on board the National Oceanic and Atmospheric Administration's 

series (NOAA) platforms. The range of options is now sufficiently wide for different 

satellite products and digital image interpretation techniques to be based on the specific 

application to achieve an appropriate match - of resolution, coverage and cost - to 

particular management questions (Chen 2002). 

3.1.3. 1. Review qf methodologies 

Methods for vegetation mapping evolved from traditional field surveys and aerial 

photo interpretation (Heath and Parker 1973) to manual interpretation of satellite 

composite images (eg. Eller et at. 1974, Howard 1976, Jaakola 1976, Hafker and 

Philipson 1982, Crapper and Hynson 1983). This manual interpretation is not 

machine-supported and relies on the subjective judgement of the operator. Different 

approaches were attempted to characterise vegetation structure all over the world, after 

the Landsat series satellites were launched in 1972. Since then, satellite remote sensing 

has played an important role for mapping, monitoring and analysing environmental 

properties at local, regional, and global levels and digital image numerical 

classification methods began to emerge as vegetation mapping tools with remote 

sensing imagery (Cihlar 2000). 

Satellite imagery data 

Most satellite platforms, such as Landsat, Seasat, SPOT, JES, RadarSat, GEOS, 

NOAA, and EQS, were specifically designed to gather data relevant to natural features, 

including vegetation. Also, other satellite sensors of varied but useful spatial and 

temporal resolutions have also contributed to vegetation mapping and analyses (Table 

3.02). Consequently, phytologists, ecologists, geographers and conservation 

practitioners have been among the earliest groups to take advantages of remotely 

sensed data (mainly aerial photos) and the infiltration of modem satellite remote 

sensing techniques has expanded rapidly as the particular utility of different sensing 
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instruments has been recognised and proven (Hinton 1996). Moreover, most recently, 

interpretation of satellite remote sensing has been often stored or integrated into a 

geographic information system (GIS). This integration merits particular attention as it 

provides an excellent framework for data capture, storage, amalgamation, analysis and 

interpretation, which is essential to vegetation mapping. 

The second-generation Landsat series of satellites launched in 1982 and equipped 

with the Thematic Mapper sensors have provided improved remote sensing capability 

compared with earlier versions that carried the Multispectral Scanner (MSS) sensor 

(Yang and Prince 2000). TM imagery supplies a tailored record of radiation with much 

narrow spectral bands, so that this comparatively reasonable spectral and spatial 

resolution ensures the powerful capability of distinguishing the vegetation cover on the 

ground. Even though its spatial resolution is not as fine as the SPOT HRV data, newly 

released IKONOS high-resolution data and aerial photographs at medium to large 

scales, TM can be more practical because of its spectral resolution and lower cost. 

Nevertheless, these features of different data led to innovative use together with TM 

data for a variety of tasks, particularly in natural resource surveys, land cover and use 

detection and environmental monitoring (e.g. Vanoverstraeten and Trefois 1993, 

Barbosa e/ al. 1996, Dymond el al. 1996, Foody and Hill 1996, May et al. 1997, Wright 

and Morrice 1997, Chen el al. 1999, Gao 1999, Yang el al. 1999, Hirata et al. 2001, 

Chen 2002). 

On the other hand, despite being of low resolution compared to TM data, MSS data 

has been employed for land cover mapping and vegetation structure change detection 

(e.g. Hill and Kelly 1987, Lewis 1994, Matheson and Ringrose 1994, Yang and Prince 

2000, Khwaja 2001). Matheson and Ringrose (1994) noted that band 5 in MSS data 

proved the most useful predictive band of the MSS bands for green vegetation cover, 

but the spectral range of MSS is still not the best and its full scene extent is also smaller. 

Although SPOT was more effective for separating and classifying the shrub and 

meadow vegetation, May el al. (1997) suggested that TM data was more effective than 

SPOT data due to its additional infrared bands. Because of the greater spatial 

resolution, SPOT imagery has been used for land cover studies (e.g. Gao 1999, 

Leprieur ci al. 2000, Khwaja 2001). Leprieur et al. (2000) suggested that for global and 

regional level biosphere characterisation, Advanced Very High Resolution 
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Table 3.02. Sensors and platforms for land cover and vegetation mapping and 
analysing changes. 

Spatial resolution 
Platform Sensor Type at nadir 

NOAA TIROS 
(National Oceanic 
and Atmospheric 
Administration 
Infrared Observation 
Satellite) 

SPOT (Satellite 
Probatoire 
d'Observation de Ia 
Terre) 

AVHRR (Advance Very Optical 1.1 km (LAC) 
High Resolution Radiometer) 4 km (GAC) 

I-IRV (High Resolution Visible Optical 20 m 
Visible Imaging System) lOm (panchromatic) 

VEGETATION Optical 1.15 km 

Landsat (Land 
Satellite) 

SeaStar 

Radarsat 

MSS (Multispectral 
Scanner) 

TM (Thematic Mapper) 

Sea WIFS (Sea-viewing 
Wide Field of View) 

SAR (Synthetic Aperture 
Radar) 

Optical 83 m 

Optical 30 m 
(120 m thermal- 

infrared band) 

Optical 1 km (local coverage 
4 km (global coverage) 

Radar 10-100m 

Radar 18m 

Optical 18 mx 24 m 

JERS (Japanese Earth SAR (Synthetic Aperture 
Resources Satellite) Radar) 

OPS (Optical Sensor) 

EOS AM-1 (Earth MODIS (Moderate Resolution Optical 250 rn-i km 
Observing System) Resolution Spectroradiometer) 

MISR (Multi-angle Imaging Optical 275 m 
Spectroradiometer) 

ASTER (Advanced Spaceborne Optical 15 m- 90m 
Thermal Emission and 
Reflection Radiometer) 

Landsat-7/ETM Optical 30 m 
(Enhanced Thematic 15 m (panchromatic) 
Mapper) 60 m (thermal band) 
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Radar 30 m (ERS) European SAR (Synthetic Aperture 
Remote Sensing Radiometer) 
Satellite 

ADEOS-lI (Advanced GLI (Global Imager) 
Earth Observing 
Satellite) POLDER (Polarisation 

and Directionality of the 
Earth's Reflectances) 

Optical 250 m- 1 km 

Optical 7 km x 6 km 

ERS-2 ATSR-2 Optical 1 km 

IKONOS Satellite IKONOS Sensor Optical I m (panchromatic) 
4 m (multispectral) 

QuickBird Satellite QuickBird Sensor Optical 0.61 m (panchromatic) 
2.44 m (multispectral) 
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Radiometer (AVHRR) data could be checked by SPOT data for the purpose of 

validation of interpretation. However, coarse resolution products of maximum value 

composite Normal Difference Vegetation Index (NDVI) data derived from AVHRR 

have been available and broadly employed for large scale vegetation mapping (e.g. 

Benedetti et at. 1994, Liu and Kogan 1996, Robinson 1996, Batista et al. 1997, Franca 

and Setzer 1998, Maselli ci al. 1998). 

Digital image classification 

Classifying and assigning the spectral properties of all the pixels in the imagery to 

land cover classes, vegetation types or other themes is the main procedure of remote 

sensing mapping and can be labelled as digital image classification. Basically, digital 

image classification includes two types of approaches that differ in the assumptions 

made about the knowledge of the scene to be classified, even though new developments 

have enhanced their discernment (Cihlar 2000). These are supervised and unsupervised 

classification methodologies. The supervised classification needs more field 

knowledge of the land cover the operator is interested in. In the literature, numerous 

novel approaches that are all variants of supervised classification are reported, such as 

Decision Trees, Artificial Neural Networks, Fuzzy classification, Mixture Modelling, 

Maximum Likelihood Bayesian, and Evidential Reasoning. On the other hand, 

methodologies including Progressive Generalisation, Enhancement and 

Post-processing Adjustment fall within the unsupervised group (Saatchi et at. 2000, 

Cihlar 2000, Muchoney et at. 2000). Applying elements of both supervised and 

unsupervised classification or hybrid classification has been applied to enhance the 

efficacy of the overall classification process (Lillesand and Keifer 2000, Khwaja 2001). 

Supervised classification is the process of using samples of known identity (pixels 

already assigned to informational categories) to classify pixels of unknown identity. In 

supervised classification, vegetation cover types to be mapped within the classified 

image are identified in advance from knowledge of the vegetation cover of path of a 

scene. Then "training data" are input by the operator and are used to map the vegetation 

cover of the whole image through a statistical description (Jensen 1994, Lillesand and 

Keifer 2000). Training areas are groups of pixels defined using samples of known 

identity. Theoretically, each training area must consist of at least (n + 1) pixels, where n 

is the number of spectral bands, but should normally contain more than 10 n pixels 
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because the estimates of mean vectors and covariance matrices improve as the number 

of pixels in the training signatures increase (Richards 1993, Lillesand and Keifer 2000). 

Operationally, a number of training areas in each vegetation cover category should be 

established in order to represent well the cover types to be mapped. In a supervised 

classification, a variety of different methodologies is applied for deriving information 

from the training area pixels by which image pixels are classified into groups of 

categories. Not only are those training pixels selected from areas that are representative 

of the vegetation cover categories of interest, but also are employed to set up a pattern 

that groups and finds similar areas. Then, a statistical method of feature selection may 

be employed to quantitatively select the subset of bands that provide the greatest degree 

of statistical separability between the given set of classes (Jensen 1994, Schowengerdt 

1997). By this measure that informs the separability and the statistical distance between 

the signatures, image bands that provide the best combination for the available 

signatures to run a supervised classification can be determined. This separability can be 

computed for any combination of image bands to be employed in the classification 

procedures, by which the operator can work out the most suitable band combination 

(ERDAS 1997). Four main mathematical methods are broadly used to calculate the 

spectral separability or the distance as follows: 

• Euclidean spectral distances between class means 

• Divergence 

• Transformed Divergence 

• Jefferies-Matusita distance 

Richards (1993) described use of the Euclidean spectral distance between the class 

means. The separability index between two-classes is given by the Pythagorean 

distance between the class means and makes no allowance for the distribution about the 

means, in multidimensional spectral space, of the data points that led to the class 

probability distribution. 

The Divergence method is a measure of the separability of a pair of probability 

distributions that has its basis in their degree of overlap (Richards 1993). In a given 

group of image data channels, poor separability can be detected from the class pairs 
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through the Divergence method that also permits identification of a better set of data 

channels to impose class separability and then increase the classification accuracy. The 

mean and covariance matrices of the statistics of the training classes are used to 

compute the Divergence by which the maximum separability between two training 

classes can be acquired. If more than two training classes are involved, an average 

divergence value should be used instead (Jensen 1994). 

A distance measure for determining the best band combination for class separation 

has been used, which is believed to be superior to the Divergence method as a means of 

class separability (Jensen 1994, Schowengerdt 1997, Lillesand and Keifer 2000). By 

this approach, increasing distances between the classes are provided through an 

exponentially decreasing weight that is used to help the evaluation of separability. For a 

given band combination, a transformed divergence value of 2000 that is the biggest in 

the value scale advises an excellent separability between the classes, while values 

above 1900 are considered as good separation and below 1700 are poor. 

Similar to Transformed Divergence that applies a saturating transform to the 

Divergence method, the Jefferies-Matusita Distance is a measure of the average 

distance between the two-class density function that is computed by applying a 

saturating transform to Bhattacharyya distance measures (Richards 1993, Jensen 1994). 

It scales the values to lie between 0 to 1414 with the upper value 1414 that represents 

maximum separation (ERDAS 1997). In the present study, I used Transformed 

Divergence and Jefferies-Matusita Distance to indicate separation between the 

signatures in certain band combination since they have better separability capability. 

In unsupervised classification, no prior knowledge of all vegetation cover types to 

be mapped within the classified image is assumed. Under the constraints of the 

classification process, the operator firstly characterises pixels according to their 

spectral properties and uses numerical methods to aggregate them into natural and pure 

spectral groups, or clusters, and then defines all the spectral clusters into vegetation 

cover types. Constraints needed to define classes are typically pre-defined parameters 

that characterise the statistical properties of these clusters and the relationships among 

adjacent clusters (Jensen 1994). The classification algorithm measures distances 

between pixels and estimates cluster centres that are groups of arbitrarily selected 
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pixels as permitted by constraints specified by the operator. Classes consist only of 

arbitrarily selected pixels chosen as initial estimates of class centroid. The addition of 

new pixels to the classification shows the inaccuracy of the initial centroid so that the 

new centroid is found by the algorithm. This process repeats until there is no significant 

change detected in locations of class centroids when the entire scene is classified 

repeatedly. Consequently, the vegetation cover identities of spectral groups are 

determined and then vegetation community labels are assigned through comparing 

image data to ground information from the ground locations of these categories 

(Harrison and Jupp 1990, Jensen 1994, Lillesand and Kiefer 1994, Cihlar 2000). 

Beside the above three main methodologies by which imagery spectral properties 

are defined prior to the classification procedures, there are several different 

classification algorithms (also called classifier or decision rules) applied to fulfil pixel 

assignments. 

The Gaussian Maximum Likelihood classifier is most commonly employed to run 

supervised classification. Both the variance and covariance of the categories' spectral 

response patterns are quantitatively characterised when an unknown pixel is classified 

with the hypothesis that the distribution of the cloud of points forming the training data 

category demonstrates Gaussian scattering. The training data provides a basis by which 

the distribution of a category response pattern can be described by the mean vector and 

the covariance matrix. Then given pixels can be assigned a statistical probability of 

belonging to a specific vegetation cover class. The probability density functions are 

used to classify an unidentified pixel by computing the probability of a pixel value 

belonging to the category. This probability is calculated for all the categories and then, 

more importantly, the pixel is assigned to the category for which the probability is the 

maximum (Richards 1993, Lillesand and Kiefer 2000). 

Being simple and commonly used, Minimum Distance to Mean classifier uses the 

central value (mean value) of the spectral data that define the training data as a means of 

assigning pixels to informational classes. The multidimensional distance to each cluster 

centroid (mean) is calculated and then the unassigned pixels are allocated to the closest 

category. Therefore, the classifier uses the minimum distance from a given pixel to a 

cluster centroid defined by the training data as the spectral manifestation of an 
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informational class to classify spectral properties for vegetation categorisation 

(Campbell 1996). The ISODATA classifier is considered as a variation of the minimum 

distance method (Tou and Gonzalez 1977, Bow 1992, Campbell 1996). The minimum 

spectral distance formula is used to form clusters. As the means of these clusters are 

shifted this utility repeats the clustering of the image until either a maximum number of 

iterations has been performed, or a maximum percentage of unchanged pixe!s 

(Convergence Threshold) has been reached between two iterations (ERDAS 1997). 

Different from the maximum likelihood distance classifier, the minimum distance 

labels a pixel based on its distance from the relevant mean irrespective of direction, 

rather than using the information in the covariance matrix. The classifiers create the 

initial seed values for clusters, iterate through assigning passes where class seeds are 

modified by migration, and then add new classes until a stable set of classes has been 

reached. 

In addition, a variety of other methods have been tested to fulfil high classification 

accuracy in vegetation cover mapping, such as decision tree classification, fuzzy logic 

classification, neuro-classification. These studies are specifically interested in 

eva!uating the ability of the different classification algorithms to efficiently classify 

vegetation and land cover in an automated fashion (Frieddi and Brodley 1997). This 

interest is motivated by the need for robust and readily repeatable classification 

algorithms. 

Frieddl and Brodley (1997) employed the decision tree classification algorithms to 

map large-scale land cover with TM data and Normalised Digital Vegetation Index 

(NDVI) from AVHRR global data and North America data. They reported that the 

mapping results using this relatively simple, explicit and intuitive classification 

structure consistently outperformed more conventional pattern recognition techniques 

such as the maximum likelihood classifier. The decision tree classification algorithms 

tested include an univariate decision tree, a multivariate decision tree and a hybrid 

decision tree that allows a data set to be partitioned in a fashion such that different 

classification algorithms may be applied to different parts of the data. They concluded 

that no one algorithm is optimal and different subsets of the data should be classified 

more accurately by different classification algorithms. However in their study, the 
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maximum likelihood classifier applied on TM data used alone shows consistently 

higher-class accuracy for four of five land cover categories. They presumed that this 

result was a by-product of the training algorithms, which are in part biased to optimise 

overall classification accuracy at the expense of classes with fewer observations. 

In addition to the decision tree classifier showing great potential in the 

classification of remotely sensed data, neural networks show considerable promise for 

image processing to map vegetation and land cover distribution. Hepner et al. (1990) 

performed a neural-classification of a four-band Landsat TM image with four land 

cover categories. 

To improve the land cover interpretation from satellite data, Foody (1996) 

employed fuzzy classifiers that were considered to possibly soften the output of 

conventional 'hard' classifiers to derive a fuzzy land cover representation. The strength 

of class membership was measured to represent land cover units through fuzzy 

classification techniques, mainly including a discriminant analysis and an artificial 

neural network. However, Foody (1996) also noted that the accuracy of the 

representation provided by a fuzzy classification is difficult to evaluate. Conventional 

measures of classification accuracy cannot be used as they are appropriate only for 

'hard' classification. 

Most automatic classification employs the algorithm that is based on a dynamical 

clustering method like all of those I described above. However, limitations of this 

method are due to the absence of the fixed number of clusters and failure of correct 

implementation or performance degradation when the dimension of the problem and 

the number of samples become large, which is typically the case for classification of 

remote sensing data at large scale. To avoid these limitations, Viovy (2000) has 

developed a methodology, which is based on hierarchical and dynamical clustering 

principles. 

Land cover classifications and analyses of vegetation configuration by supervised 

or unsupervised classification and other methodologies have been reported in many 

studies around the world. Foody and Hill (1996) applied unsupervised classification to 

map tropical vegetation cover. They suggested that thirteen classes of vegetation cover 

- 43 - 



Chapter 3 Vegetation mapping of the study area 

initially categorised in terms of plant species composition and topographic features 

could not be mapped with high accuracy. They resolved this difficulty with a linked 

supervised method which indicated that merging thirteen groups into three resulted in a 

satisfactory accuracy. Unsupervised classification alone has been frequently used and 

there are many successful examples reported in the literature (e.g. Wright and Morrice 

1997, Menges ci at. 1998, Chen et at. 1999, Chen 2002). On the other hand, other 

authors employed supervised classification to characterise vegetation cover types in a 

variety of landscapes in the world, for instance Barbosa el at. (1996) in northern Spain 

looking at an irrigated agricultural region, Dymond et at. (1996) in the North Island of 

New Zealand, May et at. (1997) in northern California shrub and meadow landscape, 

and 1-lirata et at. (2001) in a dry area of north-eastern Syria. However, there is clearly a 

need for all mapping practices to be further validated. 

3.1.3.2. CtassijIcation accuracy assessment 

Classification accuracy characterises the properties of image pixels that are 

assigned to the true land cover categories. If the image classification corresponds 

closely with the standard (a sample of sites of known class), it is said to be accurate 

(Campbell 1996). 

Congalton (1991) reviewed the necessary considerations and available techniques 

for assessing the accuracy of classification interpreted from remotely sensed data. He 

separated existing techniques depending on an error matrix or contingency table into 

two categories: descriptive techniques and analytical techniques. Descriptive 

techniques describe overall accuracy, producer's accuracy and user's accuracy. 

In addition to the descriptive techniques, an error matrix is an appropriate 

beginning for many analytical statistical techniques. It has been noted that the 

descriptive techniques could result in a surprisingly good apparent classification 

accuracy effect, because even a completely random assignment of pixels to class would 

produce a percentage of correct values in the error matrix. Analytical statistical 

techniques started from the initial study by Congalton ci at. (1983) on testing the 

classification accuracy of digital remotely sensed data using discrete multivariate 

techniques and dealing with accuracy errors produced by approaches such as random 

assignment. They originally proposed the use of KHAT statistic for remotely sensed 
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data, which results in a KAPPA analysis (Cohen 1960). The KHAT statistic is 

computed by the following formula. 

N xu - (x x+ ) 
1=1 1=1 

Kappa = (1) 

N 2 
- (x1  x j ) 

i= I 

Where r is the number of rows in the matrix, x,, is the number of observations in row i 

and column i, x+ and x+j  are the marginal totals of row i and column i, respectively, and 

N is the total number of observations. Kappa accuracy is a measure of the difference of 

the actual agreement between the reference data and an automated classifier and of the 

chance agreement between the reference data and a random classifier (Smits e/ al. 

1999). The extent to which the percentage correct values of an error matrix are due to 

true agreement versus chance agreement can be indicated by this statistic. As a value of 

" 0 " demonstrates no agreement beyond that expected by chance, while a value of "1" 

indicates a perfect agreement to which true agreement approaches, Kappa comes close 

to "1". Congalton (1991) suggested that a Kappa value of 0.75 or greater, which could 

be considered as showing that an observed classification is 75% better than one 

resulting from chance, indicated excellent classification performance. They defined a 

Kappa value of "0.4" or less as indicating poor performance. Kappa values near "0" 

designates that the classification process yields no better result than would a random 

assignment of pixels to classes. Consequently, while the overall accuracy describes the 

relative effectiveness of the classification process, KHAT analysis measures the overall 

effectiveness of the classification process over chance agreements of pixels (Chen 

2002). 

The overall accuracy is perhaps the simplest descriptive statistic, which calculates 

the accuracy rate by dividing the total of correctly assigned elements by the total 

number of elements in the error matrix. Jensen (1994) however, maintained that in 

terms of accuracy of individual categories, producer's accuracy and user's accuracy 

should be used. Producer's accuracy measures the error of omission and is the result of 

division of the total number of correct pixels in a category by the total number of pixels 

of that category as derived from the reference data (the column total in the error matrix). 
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User's accuracy measures the error of commission and is the result of division of the 

total number of correct pixels in a category by the total number of pixels that were 

actually classified in that category (Jensen 1994). This can be translated as (1) the 

producer's accuracy tells how much of a particular category has been correctly 

identified as that category; (2) user's accuracy advises how much of the area which has 

been identified as a particular category actually belongs to that category. 

3.1.3.3. Global and regional mapping 

Studies dealing with spatial data must explicitly consider scale as an integral part 

of the concepts and practices underlying mapping and its purpose. Scale is introduced 

to refer both to the magnitude of a study, for example, its geographic extent, and to the 

level of detail, such as its geographic resolution (Goodchild and Quattrochi 1997) 

within the study area. Woodcock and Strahier (1987) pointed out that the spatial 

resolution of remote sensing data is analogous to the scale of the observations. The 

same spatial data may carry different information when presented at different scales 

and new properties emerge when data are aggregated spatially (Bian and West 1997), 

so that for any particular study, the optimal spatial resolution of remotely sensed data 

differs with the objectives of characterisation and the inherent features of the imagery. 

Decisions about the mapping process must be driven by the purpose of the work rather 

than the availability of particular imagery. 

Serni-variogram and empirical method has been employed in the literature for 

determining the optimal spatial resolution for studies using remote sensing data (Jupp et 

al. 1988, Atkinson 1997). The variogram of an image is the expected squared grey-level 

difference between two pixels separated by a specified distance and direction, 

measuring spatial covariance. A semi-variogram (variogram/2) reflects the likeness of 

adjacent pixels and local variance. The spatial resolution coarsens towards the changes 

in sizes of the objects. However, for study in a vast, heterogeneous and relatively less 

known region, Khwaja (2001) did not advocate the use of semi-variogram for 

determining appropriate spatial resolution in large scale land cover mapping in the 

northern Australian savannas. 

Large global scale land-cover products using 1 kni, 8 km and I degree resolution 

have been produced from remotely sensed data (DeFries and Belward 2000). 
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Pioneering research was carried out using data acquired by the U.S. National 

Oceanographic and Atmospheric Administration's (NOAA) meteorological AVHRR 

to map and monitor vegetation on subcontinental and continental scales (Townshend 

1994). Since the 1990's, the confluence of factors, such as improved computing 

capability and analysis techniques, availability of pre-processed data sets and 

recognition of the requirement for information accuracy, made it possible to improve 

global and regional land cover products from data acquired by the AVHRR and other 

sensors (DeFries and Beiward 2000). Continental-scale land cover maps have been 

created from satellite imagery data for Australia (Graetz et al. 1995), South America 

(Stone ci al. 1994), central Africa (Tucker ci al. 1985, Laporte el al. 1998), North 

America (Vogelmann ci al. 1998), and South America (Townshend el at1. 1987). 

At the regional level, a number of data sources have been employed to derive land 

cover products, including Landsat data for high-resolution imagery, radar data, and 

AVHRR data at 1 km resolution (e.g. DeGrandi et al. 2000, Muchoney et al. 2000, 

Saatchi ci al. 2000, Steininger 2000). Usually, regional vegetation mapping with 

satellite imagery needs to involve a number of Landsat Thematic Mapper scenes as it 

covers a comparatively large area. This can be demonstrated by the study of Kautz el al. 

(1993) in Florida that used a total of seventeen TM scenes georeferenced and joined 

together. However, all spectral classifications were carried out in sub-scenes that were 

uniformly distributed in the eleven Regional Planning Councils (RPC) zones and were 

approximately 1024 pixel rows by 1024 columns in size. Similar work in data 

acquisition and classification methodology has been conducted in the U.S. state of Utah 

by Ramsey ci al. (1992, 1993). 

Studies like the present project concentrating on an area occupying a relatively 

small zone and employing one full-scene or just a sub-scene image can be considered 

local scale mapping. These forms of research focus on a particular landscape 

composite, a national park or a geographical region, and these are the main streams of 

satellite remote sensing applications. 

3.1.3.4. A usiralian savanna habitat mapping 

Early studies in northern Australian tropical savannas using remote sensing have 

concentrated on regional mapping for the detection of weed infestations (Fitzpatrick et 
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at. 1990), soil erosion studies for range management (Pickup and Foran 1987). Visual 

interpretation of vegetation cover was carried out employing Landsat imagery in a 

savanna region (Laut et at. 1985) and broadscale vegetation maps visually interpreted 

from Landsat data has been accomplished (Wilson at at. 1990). In some cases, these 

maps have been validated against ground surveys and numerical classifications based 

on fioristic composition. 

Using Landsat MSS data, Matheson (1991, 1994) studied variation in spectral 

characteristics of vegetation cover and spectral separability of savanna woodlands and 

shrub woodlands in northern Australian savannas. Ringrose et at (1994) established 

basic spectral configurations for the quantification of green vegetation cover in the 

Northern Territory using radiometer readings taken from the ground. Matheson and 

Ringrose (1994) employed spectral analysis methods including band ratios, NDVI and 

Directed Principal Component Analysis in order to characterise the reflectance of green 

vegetation cover along a climatic gradient through the Northern Territory. Using 

AIRSAR data, Menges et at. (2001) mapped major land cover types in a study area of 

400 km2  near Darwin, Northern Territory. Also, Khwaja (2001) tested the efficacy of 

the various data sources and image analysis techniques for land cover mapping in the 

Australian savannas. Satellite imagery, such as Landsat MSS, TM, SPOT and AIRSAR 

in conjunction with unsupervised, supervised and hybrid classification techniques were 

examined in typical savanna landscapes. However, previous studies have focused on 

mapping broad land cover types rather than vegetation communities for the purpose of 

characterising habitat dynamics. Existing vegetation maps developed by Wilson at at. 

(1990) were based on visual interpretation of satellite imagery and tend to be accurate at 

a very coarse (1:1 000 000) scale that has limited utility for many localised wildlife 

studies. A high resolution study on vegetation mapping in an area occupying a part of 

study area of present study was conducted by Wilson and Clark (1990) to produce 1:50 

000 and 1:250 000 hardcopy and digital maps. 

3.2. Methods 

I have illustrated the numerous techniques and methodologies used in vegetation 
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mapping by remote sensing to suit specific objectives. These techniques differ from 

place to place depending on the vegetation features in the landscape to be mapped. The 

literature does not offer a universal optimal approach to vegetation mapping. Rather, 

the purpose and thematic content, such as the phenomenon and the classes to be 

mapped, together with the scale of study determine the appropriate remotely sensed 

data source and the methodology chosen to produce useful map products. 

According to Cihlar (2000), the major procedures of land cover mapping should 

include four steps: data acquisition, preprocessing, classification or interpretation and 

product generation. Data acquisition is selecting an appropriate data set to suit the 

mapping objective and the landscape characteristics of the study area. Image 

preprocessing is the procedure to create a well-prepared image product from which 

accurate vegetation information can be extracted. 

3.2.1. Image data acquisition 

A full scene of Landsat Thematic Mapper (TM) image acquired on 24 March 1994 

was selected from the image data set described in Chapter Two and used for the 

vegetation mapping in the study area. The spatial resolution of Landsat TM imagery is 

30 x 30 in (one pixel in visual display). Landsat TM data was chosen because of its 

advantages for the present study, such as its high resolution (both spatial and spectral), 

availability for a relevant period and reasonable extent. Free of cloud, this image is of 

excellent quality. The image (path 105 row 70) was imported to ERDAS Imagine 

format for processing and mapping. Through ERDAS Imagine (version 8.2), a subset 

image of a smaller area was produced covering the main granivorous birds habitat 

across the Forgusson River region including the Yinberrie Hills area, where the 

endangered species the Gouldian finch, Erythrura gouldiae, has its most important 

breeding habitats (Dostine et al. 2001). It covers a total ground area of 4 625.5 km2  

(69.4 by 66.6 km2) and its acquisition time in the late wet season ensures that (1) data 

would be cloud free; (2) trees, including deciduous species, would have full canopy and 

(3) perennial and many annual grasses would still be green. The band composite of the 

visual red band 3, infrared band 4 and mid-infrared band 5 was used in vegetation 

mapping process, since this band combination especially including infrared and 

mid-infrared band has been widely used as standard in vegetation studies (Conese and 

Maselli 1993). 
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3.2.2. Image data preprocessing 

With constraints such as spatial, spectral, temporal and radiometric resolution, 

relatively simple remote sensing devices cannot record with complete accuracy the 

complexity of the Earth's land cover, so that error creeps into the data acquisition 

process and can degrade the quality of the remote sensed data collected. 

All images were subject to standard image preprocessing procedures (Jensen 

1994), including image enhancement and data cleaning, such as removing and 

replacing bad data lines. This was followed by Atmospheric Path Radiance (APR) 

correction using the histogram adjustment method. 

For APR correction procedures, Jensen (1994) documented a higher minimum 

value in the data collected in the visible (0.4 to 0.7 rim) wavelengths because of the 

increased atmospheric scattering effects in these wavelengths. In contrast, infrared data 

(>0.7 tm) is assumed to be largely free of atmospheric scattering effects. He pointed 

that taking away the minimum value (also called the subtractive bias) from all the 

relevant bands could minimise the effect. According to his study, the subtractive bias 

could be determined by assessing the histograms of brightness values of a reference 

ground cover in the relevant bands, such as water-bodies. In the present study, Each 

Landsat TM image was also processed for APR correction following these procedures. 

For the following training data selection that is partly based on visual 

identification, some routine digital image processing procedures were interactively 

tested, including contrast stretching, histogram equalisation, spatial filtering (shaping), 

and additive colour composition of stretched bands. In general, these techniques proved 

useful both for better discrimination of overall features and for improved resolution of 

subtle features. 

The preprocessed image was georeferenced with the UTM zone 53 coordinate 

system to 1: 50 000 topographic maps (published by the Royal Australian Survey 

Corps) of the study area, which were the largest scale available. Ground Control Points 

(GCPs) were selected at locations distinct on both the imagery and topographic maps. 

Three points provide 6 values which can be used to solve for the 6 unknown parameters 

in an affine transformation (a, b, c, ci, e,f, g). A total of 30 GCPs were established on the 
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images. A first order polynomial equation (ynew=ax+by+c, xnew=dx+ey+J) was 

adopted to achieve a higher accuracy in the absence of a number of highly accurate 

GCPs. The Root Mean Square (RMS) error for each of the established GCPs was 

evaluated and those points with errors representing a ground error of greater than 30m 

were replaced. Resampling was performed using the nearest neighbour algorithm to 

ensure that the geometric integrity of the data was maintained. Following resampling, 

examination of the registered images indicated that registration errors were very small. 

However, the potential for confusion was possible because of the lack of field truthing. 

3.2.3. Image classification 

Two approaches recommended and justified by previous studies for tropical 

savanna vegetation mapping for their high accuracy and operability (e.g. OGrady 2000, 

Harvey and Hill 2001, Khwaja 2001), supervised and unsupervised classifications, 

were conducted for vegetation mapping to compare their accuracy. The conventional 

procedures of the supervised classification were used: (1) training area selection, (2) 

analysis of training signatures' statistics, (3) classification and (4) post-classification 

process. 

Supervised Classification 

The training areas, which are pixel samples of the vegetation community classes, 

were selected within the preprocessed image and used for a supervised classification. 

Training samples were selected according to field data and existing vegetation maps 

(Wilson ci' al. 1990, Khwaja et al., 2001, Zhang unpublished research results). 

Thirty-two plots with an area of 60 by 60 in (3 600m2) distributed uniformly in the 

study area were set up for validating the training data. Both overstorey and understorey 

of the vegetation covers were investigated, and the vegetation classification scheme I 

initiated is not only dependent on the image spectral resolution, which is scarcely 

capable of discerning the component plant species in habitat, but also on the existing 

classification scheme in the region (Wilson ci al. 1990). The image assigned spectral 

bands 5, 4 and 3 to red, green and blue, respectively, was displayed on screen for 

training sample selection. With the aid of the previous and current vegetation cover 

survey that provided understanding of which vegetation cover class was represented by 

the colours and tones on the image, manual on-screen digitising was used to draw over 

training polygons for different land cover categories. According to May et al. (1997), 
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the selection of the training areas should be done with consideration of area size, (2) 

vegetation homogeneity, and (3) the ability of the area to produce a spectral signature 

that correctly identified areas with similar vegetation types. 

Supervised classification procedures employing maximum-likelihood classifier 

were used (ERDAS 1997, Jensen 1994). Post-classification analysis with a 9-second 

Digital Elevation Model (DEM) provided by the Australian Survey and Land 

Information Group (AUSLIG) was carried out to separate overlaps between shadows 

and vegetation classes. The interim results from the TM imagery were filtered with a 

window of 7 by 7 pixels. After filtering, most of the incorrectly classified, isolated 

vegetation cover pixels inside other categories were effectively eliminated. 

Non-vegetated features were masked out to the contiguous categories to purify and take 

into account vegetation attributes. 

Unsupervised Classificalion 

An unsupervised classification using the ISODATA algorithm was run, and 60 

arbitrary cluster means were initially chosen by default and allowed to shift through an 

iterative process until a maximum number (95%) of unchanged pixels was reached 

between the final two iterations. The number of 20 iterations was selected to perform 

ISODATA clustering. The 60 classes produced by the classification represented 

spectral variation within the classified image but not all clusters correspond to distinct 

vegetation categories. Then, the preliminary spectral classes were visually interpreted 

according to reference information (Wilson et at. 1990, Wilson and Clark 1990, 

Khwaja ci' at., 2001, Zhang unpublished research results). Post-classification 

processing of the classified image, including analysis with the DEM. filtering with a 

window of 7 by 7 pixels and clearing and cleaning vegetation map attributes, was also 

adopted to finalise the classification results. 

The classes of land cover classified with differences according to Wilson et at. 

(1990) and Wilson and Clark (1990) derived from this procedure using both 

classification methods are as follows: 

. Me/ale uca forest, with bare areas 

. Eucalyptus lalifolia / E. bigalerila open woodland with areas of grassland 
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• E. tectijlca / E. tintinans, with Erythrophleum chiorostachys woodland with tall 

grass understorey 

• Eucalyptus phoenicea / Eucalyptus spp. woodland with Sorghum stipoideum, 

Chrysopogon latijblius and Plectrachne pun gens grass stratum 

• E. tintinnans /E. dichromophloia woodland with rock outcrops intermixed with tall 

grasses 

• E. miniata / E. tetrodonta woodland with Plectrachne pun gens grassland 

• E. tetrodonta, E. miniala and E. dichromophloia woodland with Sorghum sp., 

Heteropogon triticeus and Sehima nervosum dominated grass layers 

3.2.4. Accuracy assessment 

Accuracy assessments of final classifications were performed following methods 

of Cohen (1960) and the Kappa coefficient of agreement (K, Congalton 1991). 

Classification accuracy was measured using random field test sites numbering from 27 

to 58 samples for each of the community types derived from satellite data. At each site, 

both overstorey and understorey of the vegetation covers were investigated and 

recorded. The vegetation classification scheme I initiated is dependent both on spectral 

resolution and previous vegetation classification scheme in the region (Wilson ci al. 

1990, Wilson and Clark 1990). Each of the test sites was a homogeneous area of at least 

60m x 60m that had been visited, classified, geolocated and validated by assisting of 

1:50 000 scale topographic and vegetation maps (Wilson and Clark 1990, hardcopy and 

Digital maps) and hand-held GPS unit. The confirmation of vegetation category in the 

test site was carried out through investigating the percentages of dominant species 

including understorey communities in the test site as Wilson and Clark (1990) reported. 

Some sites were not in the vegetation class as defined by the reference, so these sites 

were assigned to the correct categories according to the investigated dominants. 

Classification accuracy was summarised using an error matrix constructed by 

comparison between field data and image classification results. In classification results, 

field data referenced by vegetation map (Wilson ci al. 1990, Wilson and Clark 1990) 

were arranged in columns against image data in rows. Overall accuracy, Kappa 

statistics (Khai), and both producer's and user's accuracy of the vegetation community 

types in each classification approach were calculated after Congalton (1991). 
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3.3. Results 

3.3.1. Vegetation communities in the Fergusson River Catchment 

Savanna woodlands dominated by Eucalyptus species are the most common 

vegetation types in the wet-dry tropics. In order to implement spatial and temporal 

analysis on fire and vegetation communities, I have identified six Eucalyptus spp 

dominated vegetation communities and one Melaleuca dominated category. The 

vegetation categories are what the moderate resolution Landsat TM data applied in this 

study can spectrally distinguish and granivorous birds used as their important feeding 

habitats (Figure 3.01, Dostine c/ al. 2001). One category is Melaleuca forest 

distributing in creek banks or floodplain, while six of seven vegetation communities are 

Eucalyptus spp dominated savanna open forests or woodlands with profuse 

understoreys of perennial and/or annual grasses that offer abundant resources for 

herbivorous and granivorous fauna. Vegetation maps derived in both supervised 

classification and unsupervised classifications are presented in Plate 3.01 and Plate 

3.02 respectively, and vegetation classes are exemplified with photography in Plate 

3.03 to Plate 3.09. 

Melaleuca forest (MF) Distributed along the banks of perennial rivers and 

streams in the study area, Melaleuca leucadendra and Melaleuca cajuputi dominates 

with a scattering of other species such as Melaleuca argentea, Eucalyptus 

camaldulensis, Terminalia plalyphylla and Syzygium forte. Interspersed bare and 

sandy areas confine the comparatively sparse canopies. A dense shrub layer may be 

developed with Acacia holosericea and Pandanus aquaticus, mainly close to water. 

Grass and sedge covers with Eleocharis spp., Nymphoides spp., and Utricularia spp. 

in the ground layer are also sparse and in even some areas absence of understorey 

vegetation (bare ground) may be an important feature (Plate 3.03). 

Eucalyptus laiifàlia / E. higalerila open woodland with areas of grassland (ELBW) 

In this vegetation type, canopies of E. lalifolia and E. bigalerila interspersed with 

isolated trees or areas of grassland are often discontinuous and sometimes 

immediately adjacent to ephemeral watercourses. Other common tree species 

include E. papuana, E. lintinnans, E. Jbelscheana and Lophostemon grandiflorus. 
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Plate 3.01. Fergusson River Catchment vegetation community map derived from 
Landsat TM image acquired in March 1994 utilising a supervised classification 
method and Maximum Likelihood algorithm 
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Plate 3.02. Fergusson River Catchment vegetation map derived from Landsat TM 
image acquired in March 1994 utilising an unsupervised classification 
and Maximum Likelihood algorithm 
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Plate 3.03. Melaleuca forest, with bare areas and water-bodies (MF) 
(Courtesy D. Franklin) 

Plate 3.04. Eucalyptus lalifolia/E. biga/erita open woodland with areas of grassland 
(ELBG) 
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Plate 3.05. Eucalyptus lectjflca /E. lintinnans, with Erythrophleum chiorostachys 
woodland (ETTW) 
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Plate 3.06. Eucalyptus phoenicea /Eucalvptus spp. woodland (EPW) 

- 58 - 



Chapter 3 Vegetation mapping of the study area 

Plate 3.07. Eucalyptus tintinnans /E. dic/zromophloia woodland (ETDW) 
(Courtesy D. Franklin) 

Plate 3.08. Eucalyptus miniata /E. tetrodonia woodland with Plectrachne pungens 
grassland (EMTW) 
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Plate 3.09. Eucal pptus tetrodonta, E. miniata and E. dichromophloia woodland 
(ETMW) 

(Courtesy D. Franklin) 
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Dense stands of tall grasses such as Sorghum intrans and Themeda triandra 

dominate the ground layer with generally sparseness or absence of a shrub layer 

(Plate 3.04). 

Eucalyptus tectiJIca / E. tintinnans, with Erythrophleum chlorostachys woodland 

(ETTW) Dominating the undulating plains and deep loamy soils, E. tectifica, 

E.confertiflora and E. tintinnans are the main tree species occupying the canopy in 

association with Erythrophleum chlorostachys and Eucalyptus lat/olia. The ground 

stratum is dominated by a combination of tall grass species, mostly Sehima 

nervosum, Themeda triandra and Sorghum spp. (Plate 3.05) 

Eucalyptus phoenicea / Eucalyptus spp. woodland (EPW) In association with E. 

tintinnans, E. latUblia and Erythrophleum chlorostachys, Eucalyptus phoenicea 

dominates the overstorey tree compositions. Main shrubs are broadleaf species 

while Sorghum stipoideum, Chrysopogon latijblius and Plectrachne pun gens are the 

most common grass species present (Plate 3.06). 

Eucalyptus linlinnans / E. dichromophloia woodland (ETDW) The canopy is 

dominated by E. tintinnans and E. dichromophloia in association with 

Erythrophleum chlorostachys in some areas. Other common woody species include 

Eucalyptus phoenicea and E. tecifIca. A variety of broadleaf shrubs characterise the 

middle layer while grasses including Sorghum stipoideum and other Sorghum spp., 

Tribulopsis spp., Chrysopogon latifolius and Plecirachne pungens dominate the 

ground layer grassland (Plate 3.07). 

Eucalyptus miniata / E. tetrodonia woodland with Plecirachne pun gens grassland 

(EMTW) Scattered E. miniata in associated with E. tetrodonta constitutes the 

main canopy cover in this vegetation type that occurs mostly in rocky outcrop areas 

with a wide variety of other low tree sub-layer shrubs. Eriachne or Sorghum spp., 

tussock grasses and the hummock grass Triodia microsiachya occur in pockets of 

sand between areas of rock (Plate 3.08). 

Eucalyptus tetrodonta, E. miniata and E. dichromophloia woodland (ETMW) In 

associated with E. miniata and E. dichromophloia, E. latifolia is also a common 
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overstorey woody species in this E. tetrodonta dominated vegetation type. The 

understorey grass layer is comprised of Sorghum spp., Heteropogon triticeus and 

Sehima nervosum (Plate 3.09). 

Figure 3.01 shows the percentages of each vegetation types with the woody 

component class occupying the total area of the studying region. The woodland 

vegetation type dominated by E. phoenicea and other Eucalyptus spp (EPW) occupies 

the biggest percentage (36.7%) of vegetation cover, while ETTW is second (23.3%). 

These two vegetation cover types have a relatively greater abundance of perennial grass 

species such as Chrysopogon fallax and Triodia pungens, even though annual Sorghum 

species including Sorghum inirans and S. stipoideum dominates the understorey 

composition (Bowman etal. 1991; Dostine cial. 2001). This understorey grass layer 

comprises a variety of perennial and annual grasses that offer an abundance of seed for 

granivorous fauna, including seed-eating birds. 

3.3.2. Accuracy of savanna vegetation mapping 

The variation in overall mapping accuracy exhibited by the two different 

classification approaches adopted was statistically significant (X2, P < 0.05, in a 

comparison of the seven vegetation classification unites with each other). The accuracy 

assessment revealed that higher over all accuracy and Kappa statistics were achieved 

with the supervised classification than with the unsupervised approach for all test sites 

(Table 3.03, Table 3.04). A total of 260 field sites was tested, of which 221 have been 

correctly classified in the supervised classification and 206 in the unsupervised 

approach, leading to over all accuracy of 85% and 79% respectively. Khat statistics 

have been also calculated depending on two classification error matrixes, which 

demonstrated a Kappa value of 0.8233 in supervised classification and 0.7512 in the 

unsupervised method. 

In the supervised classification, individual class accuracy ranged from 81%. for 

Eucalyptus tetrodonta, E. miniala and E. dichromophloia woodland (ETMW) and 

Eucalyptus latfolia / E. bigalerita open woodland with areas of grassland (ELBW) 

classes, to 93% for Melaleuca forest (MF). Errors of commission for Eucalyptus 

latifolia / E. bigalerita open woodland with areas of grassland (ELBW) have occurred 

most commonly with Eucalyptus leclifIca / E. tintinnans, with Erythrophleum 
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Figure 3.01. Percentages of vegetation communities occupying in the study area. 

The abbreviations are MF: Melaleuca forest, with bare areas; ELBW: Eucalyptus 

latifolia / E. bigalerita open woodland with areas of grassland; EPW: E. tecti/lca / E. 

tint mans, with Erythrophleum chiorostachys woodland; EPW: Eucalyptus phoenicea / 

Eucalyptus spp. woodland; ETDW: E. tintinnans / E. dichromophloia woodland; 

EMTW: E. miniata / E. leirodonta woodland with Plectrachne pungens grassland; 

ETMW: E. tetrodonta, E. miniata and E. dichrornophloia woodland 
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Table 3.03. Classification error matrix for vegetation mapping using Landsat TM data (supervised classification method) 

MF ELBW ETTW EPW ETDW EMTW ETMW Total Commission Users  Accuracy 
Interpreted Error 

0 0 0 27 2 93% 

1 2 1 36 7 81% 

2 2 1 48 7 85% 

1 2 1 58 8 86% 

26 2 0 30 4 87% 

1 28 2 34 6 82% 

I 1 22 27 5 81% 

32 37 27 260 

MF 25 1 0 1 

ELBW 1 29 0 2 

ETTW 0 1 41 1 

EPW 1 1 2 50 

ETDW 0 0 2 0 

EMTW 0 0 1 2 

ETMW 1 0 0 2 

Total 28 32 46 58 

Omission 

Error 3 3 5 8 

Producer's 

Accuracy 89% 91% 89% 86% 

Overall Accuracy = 22 1/260 = 85% 

Kappa = 0.8233 

6 9 5 

81% 76% 81% 
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Table 3.04. Classification error matrix for vegetation mapping using Landsat TM data (unsupervised classification method) 

MF ELBW ETTW EPW ETDW EMTW ETMW Total Commission User's Accuracy 
Interpreted Error 

MF 23 1 0 2 1 0 0 27 4 85% 

ELBW 1 30 1 1 1 2 0 36 6 83% 

ETTW 1 3 35 1 4 3 1 48 13 73% 

EPW 1 0 2 53 1 1 0 58 5 91% 

ETDW 0 1 3 1 22 2 1 30 8 73% 

EMTW 1 3 1 4 2 21 2 34 13 62% 

ETMW 1 0 0 2 1 1 22 27 5 81% 

Total 27 39 42 64 32 30 26 260 

Omission 

Error 5 8 7 11 10 9 5 

Producer's 

Accuracy 85% 77% 83% 83% 69% 70% 85% 

Overall Accuracy = 206/260 = 79% 

Kappa = 0.75 
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Table 3.05. Comparison of band separability measures using Transformed Divergence and Jefferies-Matusita Distance 

Band combinations of 3, 4, 5 and 3, 4, 7 have been compared so matrices are not symmetrical. 

Transformed Divergence 347 

Fire Shadow Water Forest Woodland Residential Bare 
Bodies Area Land 

Fire 0 1835.91 1578.83 2000 2000 2000 2000 

Shadow 1981.74 0 1947.8 1868.52 1925.6 2000 2000 

Water Bodies 1989.19 1987.32 0 2000 2000 2000 2000 

345 Forest 2000 1917.76 2000 0 1999.89 2000 2000 

Woodland 2000 2000 2000 1999.94 0 2000 1999.53 
Residential Area 2000 2000 2000 2000 2000 0 2000 
Bare Land 2000 2000 2000 2000 1999.89 2000 0 

Jefferies-Matusita Distance 347 

Fire Shadow Water Forest Woodland Residential Bare 
Bodies Area Land 

Fire 0 1355.8 1207.83 1402.91 1414.18 1404.8 1402.91 
Shadow 1409.04 0 1408.91 1326.06 1381.35 1413.99 1404.25 

Water Bodies 1410.13 1413.88 0 1381.54 1401.66 1410.48 1401.25 

345 Forest 1414.17 1409.08 1411.63 0 1383.05 1414.21 1411.55 

Woodland 1414.21 1389.4 1414.21 1395.36 0 1414.21 1355.13 

Residential Area 1413.67 1414 1414 1414.21 1414.21 0 1390.34 

Bare Land 1414.21 1407.35 1414.14 1414.21 1355.28 1394.1 0 
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chiorostachys woodland (ETTW) and Eucalyptus tint innans / E. dichromophloia 

woodland (ETDW). In contrast, the class of Melaleuca forest has the smallest errors of 

commission compared to other categories and has been well discriminated with the 

highest User's Accuracy (93%). On the other hand, in unsupervised classification, all 

individual clusters mapping accuracy was generically low and ranged between 62%, for 

Eucalyptus miniata / E. tetrodonia woodland with Plectrachne pungens grassland 

(EMTW), to 91%, for Eucalyptus phoenicea / Eucalyptus spp. woodland (EPW). 

Eucalyptus miniata / E. tetrodonta woodland with Plectrachne pun gens grassland 

(EMTW), Eucalyptus tectifica / E. tintinnans, with Erythrophleum chiorostachys 

woodland (ETTW) and Eucalyptus tint innans / E. dichromophloia woodland all 

showing poor mapping accuracy (< 80%). Errors of commission for each cluster have 

involved nearly in all other classes, but the map derived from the unsupervised 

approach has a high accuracy for identifying Eucalyptus phoenicea / Eucalyptus spp. 

woodland (EPW), containing less errors of commission than other categories. 

3.4. Discussion and Conclusion 

Seven vegetation communities were identified in the Fergusson River catchment, 

dominated in the overstorey by Eucalyptus spp. mainly E. phoenicea, E. tectifica and E. 

miniata. However, Melaleuca forests and Eucalyptus latfolia / E. bigalerita open 

woodland were the smallest within the Fergusson River catchment study area. 

3.4.1. Band separability and imagery employed 

Landsat TM band 3, 4, and 5, known as red, near-infrared and infrared, were 

utilised for discrimination in both supervised and unsupervised classifiers. Vegetation 

sensitive infrared bands provide good capability of spectral separability particularly on 

the land cover of the well vegetated late wet season. Table 3.05 shows the calculations 

of the spectral separability or distance with the Transformed Divergence and 

Jefferies-Matusita distance methods among trained signatures. The all values of 

Transformed Divergence and Jefferies-Matusita distance are respectively close to 2000 

and 1414, both of which are considered as good separation. In research focusing on 
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tropical rain-forest vegetation classification in South America, Foody and Hill (1996) 

employed TM bands 2 (green), 4 (near-infrared) and 7 (middle-infrared). They noted 

that there was, however, apparently little variation in the data acquired in TM band 2, 

which provided little discriminating power. Subsequently, they dropped the data 

acquired in this waveband but with the remaining two bands, it seemingly reduced the 

spectral discriminating strength that three-dimensional Landsat TM data intrinsically 

has. 

Undoubtedly, spatial and spectral resolutions are both crucial in vegetation 

mapping, but presently impossible to quantitatively disentangle because of the limited 

amount of research and various landscape features to be delineated. Aerial photography 

tends to be superior to satellite imagery for detailed mapping of vegetation 

communities and a number of mapping practices have been conducted through aerial 

photo classification (e.g. Hill and Kelly 1987, Matheson and Ringrose 1994, Harvey 

and Hill 2001). Whilst there is no dispute that aerial photos allow for more detailed 

classification, the usefulness of these data still depends on the application. For example, 

for a mapping application that delineates a coarse land cover structure, it is unnecessary 

to employ high resolution and high cost data and forms of processing and analysis. In 

the present study, the limited availability of existing aerial photography data has limited 

its use, and the cost of flights for the large study area and big amount of image 

mosaicing work has made it infeasible to map vegetation configuration in the study area 

using aerial photographs. Aerial photography could not have contributed at all to the 

major focus of this study on fire patterns. 

The greater effectiveness of the Landsat TM data resulted from the balance they 

offered among availability, reasonable spectral, temporal and spatial resolution, and 

spatial extent. The broader spectral range of the TM data tends to more than 

compensate for the superior spatial resolution of other satellite imagery, such as SPOT. 

Comparisons between TM data and other remotely sensed images used for vegetation 

mapping have been carried out, and most studies recommended TM as the data source. 

May et at. (1997) reported an unusually large value of classification accuracy for the 

TM data in a comparison study with SPOT multispectral data, which was applied in 

shrub and meadow vegetation in northern California, U.S.A. The greater spectral 

resolution provided by the additional infrared bands in TM data comparing with SPOT 
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images for vegetation mapping in other landscapes has also been encountered in other 

studies (Godard et al. 1990). In a comparison of Landsat Multispectral Scanner and TM 

data, the additional spectral bands were found more important than finer spatial 

resolution in determining the increased classification accuracy for the TM data (Moore 

and Bauer 1990). In the tropical savannas of northern Australia, the distribution 

patterns of savanna vegetation tends to be heterogeneous producing greater spectral 

variance than in homogeneously vegetated areas. Therefore, high spectral resolution 

data provides more effective interpretation capacity in the area of interest. 

On the other hand, recently released high spatial resolution satellite data, such as 

IKONOS imagery with im by lm spatial resolution, has the inevitable disadvantage of 

limited image extent. This would unavoidably result in high cost for a project like that 

reported here. Nevertheless, previous studies on vegetation mapping have reported 

while other parameters of remote sensing products were kept constant, improving 

spatial resolution could result in improved accuracy of vegetation classification (Latty 

etal. 1985, Martin c/ al. 1988, Moore and Bauer 1990, Gong and Howarth 1990, 

Wolter ci al. 1995). 

Johnston (1998) stated that the major disadvantage of satellite imagery as a data 

source for GIS is its relatively poor spatial resolution. Satellite images can provide data 

about communities and environmental conditions, but are unsuitable for direct studies 

of individual organisms. In the present study, vegetation mapping was conducted to 

acquire basic information of the vegetated land cover in order to analyse the temporal 

and spatial dynamics of influences on habitat at the landscape scale. For this objective, 

using satellite imagery as data source to constitute a GIS for a comparatively large area 

can be feasible and, indeed, may often be the only option capable of covering the large 

areas needed for relevant study. In the literature, such habitat analysis has been 

practised in a variety of landscapes. Hansen et al. (2001) used a GIS integrating habitat 

mapping derived from both MSS and TM imageries, a forest inventory database and a 

Habitat Suitability Index (HSI) model to successfully analyse caribou habitat suitability 

that was affected by timber harvesting and wildfires in Canada. They also suggested the 

necessity of integrating other data sets and pointed out that the GIS comprised entirely 

of remotely sensed data might miss some small but biological significant patches 

because of poor resolution. I do not regard this as a significant issue in this study 
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because my focus is on widely distributed vegetation associations and a broad class of 

resources (grass seed). 

3.4.2. Classification approaches 

In this study, the classification accuracy in the unsupervised approach was lower 

than the supervised method. Unsupervised method is largely dependent on visual 

interpretation for a number of classified clusters subjectively assigned to a land unit, so 

that it leads to lower mapping accuracy. Review of the literature confirms that 

supervised classification often yields maps with a higher mapping accuracy (e.g. Lyon 

1983, Johnston and Barson 1993, Trisurat et al. 2000). However, Harvey and Hill 

(2001) pointed out in their wetland mapping in northern Australia savannas that they 

could not accurately define training areas because of a significant amount of spectral 

overlap. They suggested that supervised classification was untenable in wetland 

landscapes consisting of a highly heterogeneous arrangement of cover types, because 

training areas should be defined in statistically and spectrally homogenous sections of 

the imagery. On the other hand, Vanoverstraeten and Trefois (1993) compared these 

two classification techniques in African savannas with a small portion of swamp and 

concluded that the limitation of unsupervised method stems from the fact that the 

spectral properties that are automatically classified do not always match the 

characteristics for which mapping is sought. Also in a tropical area, Trisurat ci al. 

(2000) reported that higher overall classification accuracy was achieved with the 

supervised than with the unsupervised classification method. Consequently, while 

supervised method may perform better for tropical vegetation mapping, it is necessary 

to compare the techniques in order to select the best method for the specific application. 

3.4.3. Factors influencing mapping accuracy 

Classification accuracy varies widely and whether achieved levels are acceptable 

depends on the purpose and scale of the study (Harvey and Hill 2001). Anderson et al. 

(1976) considered that an overall accuracy of 85% could be satisfactory in some land 

use studies for resource management. The typical example is USGS land cover maps of 

the central Atlantic coastal region, which acceptable overall accuracy for 1: 24 000 

scale maps was 85%, but 77% accuracy for 1: 100 000 scale maps and 73% or 1: 250 

000 scale maps (Fitzpatrick-Lins 1978). However, low classification accuracy below 

40% has been also reported as acceptable for some purposes (Tom et al. 1978, Belward 
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etal. 1990). 

In the Australian tropical savannas, because of the complex heterogeneity within 

the eucalypt communities, interpretations of land cover classification results tend to be 

more difficult. O'Grady (2000) classified 18 vegetation categories with an overall 

mapping accuracy of 62% in the Gunn Point region. He noted that the fewer the 

vegetation groups to be mapped, the higher the overall mapping accuracy can be 

acquired. Using similar methodology, Ahmad ci' al. (1999) reported an overall accuracy 

of 89% for vegetation communities in the greater Darwin region with a scheme of 14 

categories. Undoubtedly, the chosen classification scheme can be an important 

influence on apparent mapping accuracy and must be matched to the resolution of the 

remotely sensed data employed. Modifying the initial classification scheme, especially 

aggregating spectrally ambiguous classes during image processing, tends to be a 

solution. However, the acceptability of such a technical solution obviously depends on 

the purpose of the study. Amalgamation of such classes would obviously be 

undesirable if discriminating them was a significant issue for land managers. Cloud 

cover in the imagery always influences mapping accuracy and has been taken into 

account by researchers (e.g. Foody 1996, OGrady 2000). In the present study, using a 

cloud-free image acquired in the late wet season ensured to avoid cloud noise but green 

and flourish vegetation covers. 

3.4.4. Vegetation configuration 

In typical savanna landscapes as in those the study area, Cole (1986) suggested that 

the vegetation distribution characterised as typical savanna woodlands occurs on 

dissected Tertiary land surfaces, on which the dominant tree species vary with 

underlying bedrock. This savanna woodland belt extends from the mouth of the Daly 

River eastwards to Katherine and north-eastwards into the Arnhem Land Plateau. The 

present study has mapped a variety of vegetation communities dominated by a 

relatively wide distributed community, Eucalyptus phoenicea / Eucalyptus spp. 

woodland, which covers 3 6.7% of the study area in the region of interest. However, in 

the larger area between Darwin and Katherine area, Cole (1986) found that the tall 

woodland trees Eucalyptus miniala and E. teirodonia prevail, this community 

occupying 20.0% of the area, followed by Eucalyptus phoenicea /Eucalyptus spp. 

woodland and E. tectifIca / E. tin tinans, with Erythrophleum chlorostachys woodland. 
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As the present study covers a comparatively small part of the area Cole discussed in her 

monograph, there is no contradiction between the two findings. Eucalyptus phoenicea / 

Eucalyptus spp. woodland tends to distribute in plain area, while Eucalyptus miniata / 

E. tetrodonia woodland occupies large area in the high plateau. The distribution of 

different vegetation communities would influence fire patterning in the landscapes. 

Even though there is a wide variety of tropical vegetation covers, many remote 

sensing investigations have dealt with the vegetation cover as two distinct classes, such 

as woodland and grassland, tending to focus on vegetationlnon-vegetation 

discrimination with relatively little emphasis placed on the discrimination of different 

vegetation communities with at least superficially similar structural features. By 

employing Landsat TM image in the present study, vegetation communities were 

delineated and mapped at the level of detail permitted by the intrinsic spectral and 

spatial resolution of the satellite scene. It has provided a map of sufficient accuracy for 

useful studies of fire incidence and extent, which is the main purpose of this study. This 

interpretation of the vegetation cover composite will be used to analyse the vegetation 

patchwork that makes up the habitat of the granivorous animals and relationship 

between vegetation distribution and the dynamics of bushfires. 

3.4.5. Conclusion 

In the present study, seven vegetation communities were successfully identified, 

three of these, Eucalyptus phoenicea / Eucalyptus spp. woodland, E. tect/Ica / E. 

lintinans, with Erythrophleum chiorostachys woodland and E. miniata / E. letrodonta 

woodland with Plectrachne pungens grassland dominating the landscape. It has been 

shown that the Landsat TM imagery with a band combination 3, 4 and 5 has powerful 

separability for training signatures in these tropical savanna landscapes. Medium 

resolution Landsat TM image provides appropriate spatial and spectral resolution for a 

practical option for savanna vegetation mapping. This mapping result in the level of 

discrimination is useful for further studies to analyse fire patterns and habitat changes at 

the same resolution. Comparing both supervised and unsupervised classification 

methods, the accuracy assessments show the supervised approach to be higher than the 

unsupervised. Even though supervised classification tends to be more accurate than the 

unsupervised method, implementing and comparing various approaches is still 

recommended, particularly in heterogeneous tropical savanna landscapes. 
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Chapter Four -- BUSH FIRE: A MAJOR FEATURE OF SAVANNA 

LANDSCAPES 

4.1. Introduction 

4.1.1. Australian tropical savanna wildfire 

Fire is the most ubiquitous terrestrial disturbance over the natural and human-shaped 

world. It was a sequence of physical environmental events resulting in soil deterioration, 

seasonal aridity and rainforest fragmentation that made fire such a dominant feature of 

tropical savanna landscapes. Also fire has itself caused change in landscapes and has 

been catastrophic for some affected fauna and flora. Pyne (199) suggested that signatory 

fluctuations and power have driven fire to become inseparably associated with the bush it 

shaped. Further changes followed the arrival of Homo. Fire has swept terrestrial 

vegetation since at least Mesozoic times, but the time hominids first mastered fire can be 

traced back about a million years (Brain and Sillen 1988). Then fire regimes were 

transformed to be more frequent and maintained vegetation configurations and 

landscapes that reflected the interaction among people, vegetation and landscape. 

On the Australian continent, palaeoenvironmental records, carbon trace, from 

swamp, lake and marine sediments employing characterisation of pollen contents and 

variation in carbon provided the evidence that dated a general increase in burning to the 

later part of the Tertiary period. This increase coincided with reduced precipitation, 

increased climatic variability and development or expansion of scierophyll forest and 

heath vegetation (Kershaw et al. 2002). Although there has not been sufficient data to 

determine the precise timing and path of the development or expansion of more open 

vegetation, which may have been caused by fire, it is generally considered that fire 
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activity in association with climatic changes resulted in increasingly fire-tolerant 

vegetation (Bradstock et al. 2002). Consequently, fire has been viewed as the driving 

process that shaped the modern composition and configuration of Australian vegetation. 

Moreover, there is little doubt that Aboriginal landscape burning played a major part 

in maintaining the landscapes that Europeans colonised about 200 years ago (e.g. Price 

and Bowman 1994). However, no evidence shows that Aborigines applied systematic and 

predictive knowledge regarding effects on vegetation pattern to steer their fire use 

(Bowman 1998). Influences on burning were many, encouraging frequent use in a wide 

range of circumstances and the active protection of some sites for use for particular 

purposes like fire drives (Bowman and Robinson 2002). 

On the other hand, because there is no robust and widely accepted date for the arrival 

of humans in Australia, the idea that Aboriginal burning in the Australian continent had a 

massive impact on the vegetative landscape and its evolution is still a contentious idea 

(Bowman 1998). Bowman (1998) rejects the widely accepted argument (Singh etal. 

1981; Gillison, 1983; Hill 1994) that Aboriginal burning did play an important role in the 

evolution and diversification of fire-adapted species, in particular in the genus 

Eucalyptus. He regards the savanna and the monsoonal climate that increases fire-

proneness as very ancient phenomena (Bowman 2000). 

Despite these differing views of the role of humans in shaping the Australian 

vegetation, there is little dispute that burning and fire regimes must be carefully managed 

to maintain biodiversity and landscapes in Australia. This appreciation was not 

articulated until the third quarter of the last century (Gill etal. 1981). 

Fire has been considered as one of the defining landscape characteristics of the 

Australian tropical savannas, which occupies one third of Australia's landmass across 

northern Western Australia, the northern half of the Northern Territory and inland of the 

Great Dividing Range of Queensland. Earlier studies have estimated that over 50% of the 

savannas in some regions of northern Australia are burnt during the 7-month (May- 
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November) dry season each year (Press 1988). Even in Kakadu National Park, a United 

Nation's World Heritage property, an average of 55% of lowland savanna habitats and 

28% of habitats occupying both sandstone plateau and riverine landforms has been burnt 

each year (Russell-Smith et al. 1997). To achieve a variety of purposes for protection of 

property, production and conservation, fire are lit in the early dry season to reduce the 

flammability level of fuel loads, to further regrowth for wildlife and patchy mosaics of 

burnt and unburnt country to help maintain habitat diversity (Jacklyn and Russell-Smith 

1998). However, under prevailing management regimes late dry season uncontrolled 

wildfires, sweeping across the Northern Territory of Australia, are causing catastrophic 

change in fire-sensitive vegetation and their constituent or dependent flora and fauna in 

the landscapes (Jacklyn and Russell-Smith 1998, Dostine etal. 2001). 

Whelan (1995) argued in his fire ecology monograph that an understanding of fire 

regime in association with critical life-history processes enables savanna scientists to 

analyse fire impacts using details of fire timing, frequency and intensity. A significant 

example of the effects of fire regime change is the impact of increasing incidence of late 

dry-season fires on populations of native cypress (Callitris intratropia) in past 50-100 

years in northern Australian savannas (Bowman and Panton 1993). Other impacts of fire 

regime change in eucalypt-dominated savanna have recently received more attention 

from fire researchers, scientists and management practitioners (Lonsdale and Braithwaite 

1991; Williams etal. 1998, 1999, Setterfield and Williams 1997, Anderson etal. 2003, 

Russell-Smith etal. 2003). The impact of fire frequency on habitat configuration can be 

shown with the decreasing yield of some perennial grass pastures in this savanna habitat 

favoured by granivorous avifauna when a high fire annually frequency was applied (Mott 

et al. 1985). 

The responses of Australian savanna fauna to fire range from positive effects for 

some species to negative for others (Friend and Taylor 1985; Braithwaite and Esbergs 

1987; Woinarski 1990; Woinarski 1995; Griffiths and Christian 1996; Woinarski and 

Recher 1997). These data support the proposition put forward by Catling and Newsome 

(1981). They pointed that it is faunal assemblages with medium species diversity that 

75 



Chapter 4 Bush fire: major feature of savanna landscape 

tend to be mostly affected by wildfire no matter what influence occurs, positive or 

negative, rather than faunal assemblages with the highest diversity. They argued that it is 

species diversity of faunal assemblages that reflects fire effects significantly instead of 

fire proneness of the habitat used by faunal assemblages,. 

4.1.2. Savanna fire research 

Fire plays a dominant role in the ecological function of tropical savannas throughout 

the world (Andersen et al. 1998). The potential to control fire therefore provides a unique 

opportunity for ecological research on the interaction between the habitat and wildfire 

and for habitat management at the landscape scale. Australian bushfire research has gone 

through a number of distinct phases, from primary observation to detailed study of fire 

extent and fire behaviour, and is now entering a phase where efforts are being made to 

relate fire regimes at different spatial and temporal scales to shifts in assemblages of flora 

and fauna present at sites with a history of different regimes (Williams et at. 2003). 

Darwin recorded the early observation: 'In the whole country I scarcely saw a place 

without the marks of a fire; whether these had been more or less recent -- whether the 

stumps were more or less black, was the greatest change which varied the uniformity, so 

wearisome to the traveller's eye' (cited in Gill et at. 1981). 

4.1.2. 1. Historical perspective on burning of landscapes 

There are a number of sources of direct evidence of ancient fire in Australia, 

including fossil charcoal deposits and the thermal alteration of rocks (Kemp 1981). Harris 

(1958) initiated the concept that fire was an important element of the Mesozoic 

environment by analysing some fossil flora found in the palaeo-continent, which can be 

considered as the earliest evidence of forest fire on the Earth. Using the fusain method, 

Teichmuller (1975) reported pyrofusinites found in Australian Tertiary brown coals. The 

fusinites reflected occasional fires affecting the Tertiary swampland environment. In the 

Tertiary period, the continent's separation from Antarctica in the Eocene resulted in 

significant climate change. However, as evidence for the presence of pyrofusinite has 

been limited, evidence for fire effect in the Palaeozoic and Mesozoic periods in the 
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palaeo-environrnent of the Australian continent are still equivocal. There is evidence of 

the spontaneous combustion and prolonged burning of coal seams occurred as long ago as 

the Tertiary, indicated by the alteration of surrounding rocks or soils by intense and 

localised heat (Whitworth 1958). 

Kershaw et at (2002) reviewed the most recent and indirect assessment 

methodologies and records in terms of pollen abundance, charcoal abundance and 

charcoal/pollen concentration to assess the nature of the fire record. Shifts in the 

predominance of rainforest pollen was inferred to be due to a increasing fire incidence 

through the late Cainozoic period in response to the drier and more varied weather 

conditions that occurred after the continent's separation from Antarctica in the Eocene. 

Due to a substantial rainfall reduction at the beginning of the Pleistocene, woodland 

and forest vegetation was extended and fire had become a significant feature of the 

environment, even though pollen and charcoal records were not plentiful (Kershaw et at. 

1994). In the late Quaternary, small patches of rainforest appeared to have expanded, 

implying that fire effects had been reduced (Harle c/ at. 1999). The data also suggest that 

the influence of human-induced burning, which would have started at the time of peoples' 

arrival in 40 to 60 ka BP ago, might be over-stated (Kershaw et at. 2002). Kershaw et at. 

(2002) concluded that during the late Holocene, even though higher fire activity occurred 

in tandem with an intensification of human occupation, changes in vegetation patterns 

could be parsimoniously attributed to changes in climatic conditions at that time. 

4.1.2.2. Fire injluences in savannas 

As fire has been considered a dominant feature of tropical savanna ecosystems, it has 

attracted considerable research attention in and outside of Australia. That attention has 

extended beyond its history as I briefly introduced above, with a number of reviews of its 

ecological effects also being published (Gill et at. 1981; Coutinho 1982; Pyne 1991; 

Trollope 1982; Frost 1985; Bowman and Fensham 1991; William and van Wilgen 1996). 

I summarise some of those studies below. 
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Research on the effects o/'fire on vegetation species and phenology 

Fire effects in the savannas, as in all ecosystems, must be viewed from the 

perspective provided by the fire regime. Important features of the fire regime include the 

seasonality, frequency and intensity of fire in relation to life-history processes of plants 

and animals (Whelan 1995). Thus, for example, vegetation phenology must be considered 

if the impacts of fire regimes and fire behaviour on vegetation configuration are to be 

understood (Williams 1997; Williams and Moore 1998). These interactions among the 

life history of individual plants, the seasonal and long term cycles of rainfall and aridity 

and the contribution of fuels by different species and the change of frequency of ignition 

shape savanna landscapes and influence habitat heterogeneity and savanna biodiversity 

(Lonsdale and Braithwaite 1991; Braithwaite I 995a, 1995b). 

in tropical savanna fire research, grass distribution and dynamics has been much 

studied (Gill et al. 1990, Lane and Williams 1997, Crowley and Garnett 1999). Barrow 

(1995) described responses of an exotic savanna perennial species to fire effects. Fire 

regimes in spinifex grassland landscape draw little attention of researchers, but Allan and 

Southgate (2002) reviewed former studies conducted in central Australia and suggested 

directions for hummock grassland fire management. Moreover, Andrew and Mott (1983) 

reported their seed banks data for population biology of native Sorghum species. Grass 

seed dynamics affected by bushfire is also of interest of savanna researchers (Gill et 

a/.1990, Gill and Bradstock 1995; Cheney and Sullivan 1997). In addition, some studies 

have also been reported on fire influences on seed production and seasonal flowering of 

woody species (Setterfield and Williams 1996; Setterfield 1997). 

Impacts of fire on woody stems that make up the upper and mid stratum of savannas 

are also important for vegetation management, especially in regard to those Eucalypt 

species that are dominant in the widespread forest and woodland types (Hoare et al. 

1980). Eucalypt dominated vegetation representing the features of Australian tropical 

savanna landscapes were examined at a long-term study site at Munmarlary (Bowman et 

al. 1988; Bowman and Panton 1995; Russell-Smith et al. 2003). Besides the influence on 

tree species diversity (Bowman ci al. 1993), Braithwaite and Estbergs (1987) studied 
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woody vegetation trends following fire, while Wilson and Bowman (1993) conducted a 

field investigation on factors influencing growth of Eucalyptus trees. Fire intensity 

influences tree survival with various fire regimes (Gill and Moore 1990, Williams 1995, 

Williams etal. 1999), and even reproductive phenology (Williams etal. 1997). Fire 

frequency that effects the development of woodland and forest exhibits different 

conditions in various landscape components (Fensham 1990) and determines post-fire 

recovery of eucalypt woodland and forest (Lacey 1974; Bowman 1991). 

There are also a number of studies conducted in tropical savannas that were focusing 

on how fire influences vegetation patterns, structure and configuration (Cook and 

Mordelet 1997; Whitehead and McGuffog 1997; Duff et al. 1997). 

Researches on the effects offIre on fauna 

Assessment of the influence of fire on savanna fauna has been equivocal and varied 

at different sites. Braithwaite (1985) and Corbett etal. (1997) respectively reviewed the 

relationship between fire and fauna in Kakadu National Park. Andersen and Lonsdale 

(1990) studied the fire responses of herbivorous insects in tropical savanna landscapes. 

Bushfire effects on invertebrate assemblages were also reported for arthropods in general 

(Andersen and Muller 2000), and beetles (Blanche etal. 2001, Orgeas and Andersen 

2001) detailing their responses to different fire regimes. 

For vertebrates (Woinarski 1992, Woinarski etal. 1999), there have been some 

studies of effects of fire on reptiles (Braithwaite 1987, Trainor and Woinarski 1994; 

Griffiths and Christian 1996), birds (Braithwaite and Estbergs 1987, McKean and Martin 

1989, Woinarski 1990, Garnett and Crowley 1994) and, for mammals, in rodents 

(Braithwaite and Griffiths 1994) and marsupials (Braithwaite and Griffiths 1994). 

Anthropogenically structured landscapes, such as pastoral rangelands (Craig 1997), have 

also been studied generally in regard to fire impacts on reptile and avifauna assemblages 

(Woinarski etal. 1999). Most of those studies called for detailed long-term study to 

clarify the decline and loss of some species which are now perceived as common and 

little affected by mild fires. 
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As burning is likely to influence savanna fauna in indirect ways, some research has 

tried to describe effects on fire-affected fauna through the study of resources used by the 

fauna of interest. For instance, Crowley and Garnett (1999) studied fire effects on the 

resource use of tropical granivorous bird by focusing on the quantitative dynamics of 

annual grass seed. Friend and Taylor (1985) analysed fire effects on small mammals by 

quantifying their habitat preferences. The ultimate objective and aim of the studies of fire 

effects on fauna is to develop land management strategies for conservation in savanna 

fire-affected landscapes. Based on earlier research, Newsome and Catling (1983) 

analysed animal demography in relation to fire and shortage of food and framed some 

indicative models. These studies came up with the decline in relation to the food resource 

that had been affected by fires. 

In most studies, however, the response to fire has been described without detailed 

exploration or analysis of causal mechanisms driving the response. Some fauna are 

shown to respond positively to particular fire regimes, others negatively and still others 

show little or no measurable change (Andersen ci at. 2003). We are presently lacking a 

comprehensive theory or set of hypotheses to make sense of these idiosyncratic 

responses. In this study, 1 take another approach: I identify the patterns of fire, infer 

effects on spatial and temporal variation in resources likely to be of significance to 

important elements of the fauna and seek to derive some broad generalisations about the 

likely impacts of different fire regimes on faunal assemblages. 

Aboriginal landscape burning: a contentious issue 

The environmental impact of Aboriginal landscape burning has been one of the most 

contentious and complex issues in Australian ecology research (Bowman 1998) and it has 

drawn much attention from savanna scientists. Employing explorer's records, Fensham 

(1997) and Vigilante (2001) studied landscape burning in Queensland and the Kimberley 

of Western Australia respectively and compared historical and modern fire regimes. Also 

in the Kimberley, O'Neill et at. (1993) compared fire patterns resulting from Aboriginal 
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fire practice and pastoral management in tropical savannas, using data derived from 

satellite remote sensing. 

In association with studies of Aboriginal fire management practice, savanna 

scientists have been working on the related question of understanding how fire regimes 

have changed over time (Williams et al. 2002). Fire regimes and changes of historical fire 

regimes have been a consistent focus of savanna fire management and research over the 

last decade or so (Russell-Smith 1995; Russell-Smith et al. 1998; Craig 1999). Crowley 

and Garnett (1999) studied changing fire management in the pastoral lands of Cape York 

Peninsula. In most cases, this research has been motivated by concerns about implications 

of biodiversity in the savanna landscape (Williams and Bradstock 2000; Keith c/ al. 

2001) and land management (Press 1988). The present study focusing on fire patterning 

and regimes in a mix of land uses will explore implications for fire and resource 

management through fire research in savanna landscapes. 

4.1.3 Fire history mapping: a review 

The first application of remote sensing to wildfire mapping was conducted for testing 

detection of sites of fire in the 1960's. Hirsch et al. (1971) reported the use of bi-spectral 

sensors employed to detect fire sources in Montana and Idaho. With the development of 

the Landsat program, the reliability of satellite imagery for wildfire mapping and 

inventory was tested more comprehensively in conjunction with the development of 

novel modes of interpretation. 

In the first stage of the application of remote sensing to understand wildfires, much 

research had been directed towards mapping of fuel supply in forests, deriving fuel 

information from Landsat data as an important variable in fire-risk rating systems. Maps 

showing relative distribution of fuels are registered against several layers of other 

relevant information (e.g. topography) in order to derive an interpreted fire-risk map for 

the area under study. Additional variables include elevation, aspect, slope, soil moisture, 

soil type and insolation (Burgan and Shasby 1984). 

- 81 - 



Chapter 4 Bush fire: major feature of savanna landscape 

1-lowever, in the second stage, most remote sensing applications to wildfire have 

focused on the mapping of burned areas. Large-scale mapping and inventorying the 

burned surfaces has proven the usefulness of this method compared with traditional 

approaches, including aerial surveys and field work (Tanakaetal. 1983, Mime 1986, 

Chuvieco and Congalton 1988). 

Chuvieco and Congalton (1988) summarised the main difficulties in mapping burned 

areas: (I) confusion between slightly burned and unburned vegetation; (2) separating 

burned vegetation and unvegetated or sparsely vegetated areas; (3) confusion between 

burned areas and shadows and water bodies; (4) separating intensities of burning using 

the spectral reflectance of the affected areas. Due to the low spatial and spectral 

resolution of MSS images, these problems could not be overcome until Landsat TM data 

was more broadly used. To obtain high temporal resolution for addressing the issue in 

respect to vegetation recovery, AVHRR (1.1 km x  1.1 km pixels) images have been 

employed. Also, AVHRR data provides advantages for low cost detection of fire over 

large areas. A combined analysis using AVHRR and an aircraft-borne scanner has proven 

very useful for the study of critical variables in behaviour of a forest fire in near-real time 

(Ambrosia and Brass 1988). 

Remote sensing methods on environmental mapping 

The use of optical remote sensing has been successful for both fire mapping and the 

classification of land-cover (Pereira ci' al. 1997). Remote sensing is an important source 

of the environmental information that is required by ecologists and environmental 

management practitioners. All remote sensing, considered as a departure from traditional 

mapping techniques, relies on the detection of electromagnetic energy that is measured 

from space and varies with the reflectivity and emissivity of land covers and of the 

ground surface. Successful application of remote sensing depends on the integration of 

multiple, interrelated data sources and procedures for their analysis (Hinton 1996). 

Since the 1930's, the use of remote sensing for environmental mapping and 

management has been extended as a tool for wildlife habitat research (Plunkett 1993). 
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Initially, aerial photographic mosaics were used to map land cover features, and often 

emphasised the relationship between vegetation and water availability. Remote-sensing 

methodologies since then have been providing data for detecting and monitoring natural 

resources, such as habitat mapping, delineation of drainage lines and other hydrological 

features, wildfire mapping and monitoring, predicting agricultural production, geological 

mapping and meteorological observation (Hinton 1996). 

A number of early studies using a remote sensing approach to detect fires in forests 

started in the 1970's and were focused in east and south tropical Africa (Wightman 1973). 

The launching of the satellite, 'Landsat I' was the stimulus for a number of environmental 

applications, particularly in land cover mapping. Multi-temporal coverage from the 

Landsat satellite has been utilised for studies of ecological disasters, such as droughts, 

floods, volcanic eruptions and wildfires (Chuvieco and Congalton 1988). Many different 

satellite platforms and remotely sensed products acquired from space have since been 

utilised for environment studies, with spatial resolutions ranging from less than I in in 

satellite SAR to 9 km in AVHRR sensor. The satellite imagery products and techniques 

of digital image interpretation used vary depending on the specific application. 

Spectral properties of fIre-affected vegetation 

Chuvieco and Congalton (1988) first considered spectral characterisation of the post-

fire signals in estimates of the extent of boreal forest fire. Fire effects on land surfaces 

include two types of signal changes, including the deposition of charcoal produced by 

combustion and the alteration of structure and abundance of vegetation cover that may 

cause a mosaic of burned vegetation and bare land. However, because tropical savanna 

vegetation cover typically comprise dense grasslands and sparely scattered trees, annual 

production of fuels is consistent but relatively low. Most fire effects detected from space 

are of the second type (ie. impacts on vegetation cover) that is comparatively stable rather 

than ephemeral like the presence of charcoal on the ground surface. Spectral changes 

associated with carbon deposits have a relatively short lifetime and tends to be almost 

completely erased by wind or rainfall in a few weeks or a month after the fire (Chuvieco 

and Congalton 1988). 
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Comparing the spectral properties of charcoal from combustion of three woody 

species, Jones etal. (1998) studied the reflectance of pure charcoal in the visible range 

and correlated the reflectance with the temperatures at which charcoal was formed. 

Tanaka ci al. (1983) reported an instantaneous measurement on the reflectance of burned 

pine branches, which was also compared with the values of unburned vegetation. Other 

authors reported spectral property data regarding variation in reflectance with 

atmospheric influences, vegetation covers and time-spans after fire using both imagery 

and field investigation in boreal forests (Chuvieco and Congalton 1988, Jakubauskas ci 

al. 1990, Lopez and Caselles 1991, Siljeström and Moreno 1995; Silva 1996). Those 

spectral properties of burned areas and similar changes induced by fire were measured 

and compared in terms of radiance units and raw digital numbers in varied channels of 

imagery. In tropical regions, research indicated a decrease in visible reflectance of the 

burned areas from one day to a few weeks after fire in savanna grassland (Frederiksen ci 

al. 1990; Langaas and Kane 1991) and pastures (Pereira and Setzer 1993). Sparsely 

distributed canopy structures over the herbaceous ecosystems in African savannas are less 

absorbent of visible radiation than conifer forests or dense shrublands, so that differences 

of visible reflectance between fire scars and savannas and bare land is lower than those 

detected in boreal forest. The difficulty of bushfire mapping in semi-arid tropical savanna 

landscapes therefore is a strong soil background signal that is likely to make a significant 

contribution to the mixed spectral signature. 

Pereira ci al. (1997) suggested that the near infrared (NIR) is more capable than 

visible wavelengths of distinguishing fire-affected areas that have a high pre-fire loading 

of fuels. Unfortunately, many savanna ecosystems with more sparsely vegetated soils are 

likely to have lower fuel loads, lesser charcoal production, and small reduction in plant 

biomass. A number of reports have been published on the comparison of field reflectance 

measurements between dry savannas and boreal forests (Frederiksen ci al. 1990; Langaas 

and Kane 1991; Razafimpanilo etal. 1995). These studies exhibited significant variation 

in the NIR reflectance value between different landscapes, times the measurement was 

conducted, and different regions. They found there was compensation between scattering 

- 84 - 



Chapter 4 Bush fire: major feature of savanna landscape 

and absorption for the field measurement of reflectance, resulting in the absence of a net 

atmospheric effect, and consequently an exact correspondence between top-of-the-

atmospheric and surface reflectance values. This finding was also proven in field 

experiments using Landsat TM data (Lopez and Caselles 1991; Siljeström and Moreno 

(1995). In conclusion, there was a relatively narrow spectral range for burned areas in 

NIR of 0.06-0.15 units, which is remarkable given the great diversity of ecological 

settings, atmospheric conditions, and instrumentation differences considered (Pereira et 

at. 1997). 

Consequently, the launch of Landsat-4, equipped with the Thematic Mapper sensor 

including two channels in the mid-infrared (MIR) range, provided remotely sensed 

observations on the Earth surface that are more efficient and accurate. There has not been 

any field radiometric or spectro-radiometric data reported on fire scars in the MIR, but 

employing Landsat TM data, published studies have shown that TM band 7 (TM7) and 

band 5 (TMS) can be used to characterise burned areas in various regions and landscapes, 

even though separabilities vary (eg. Lopez and Caselles 1991; Siljeström and Moreno 

1995; Eva and Lambin 1998). Siljeström and Moreno (1995) detected the largest increase 

in MIR reflectance induced by a shrubland fire using TMS. TM7 was next to the most 

effective. Similar to the visible range, MIR spectral changes induced by fire demonstrate 

a contrasting pattern between temperate forests and shrublands, where recent burns are 

brighter in the MIR than pre-fire vegetation, and tropical grassland and savannas, where 

they are darker (Pereira c/ at. 1997). 

The posi-fire thermal signal generated by heating due to darkening and increased 

energy absorption (and subsequent radiation) at the surface, and/or reduction in latent 

heat transfer by evapotranspiration, as a consequence of a reduction in leaf area, was used 

to map fire through remotely sensed data by Eva et at. (1995). In contrast to use of the 

thermal signal generated during the fire, by flames or smouldering combustion, this 

approach detects fire through the pre- and post- fire thermal signal dynamics. The use of 

the increased heat signal from burned areas on a single date for detection and mapping 

had been broadly applied before this method (Lopez and Caselles 1991; Pereira and 
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Setzer 1993; Cahoon et at. 1994). Among them, only Cahoon et at. (1994) used thermal 

data from the AVHRR channel 4, by including it in a multispectral classification of areas 

affected by very large fires in northern China forest. 

Application of microwave remote sensing using active sensor techniques, known as 

SAR, Synthetic Aperture Radar, has been reported in the literature for mapping fires, and 

almost all of the works on SAR remote sensing of burned areas was conducted using C-

band (3.90 - 5.75 GHz) image data (Kasischke et at. 1993, French et at. 1994, Kasischke 

et at. 1994, Malingreau et at. 1995, Landry et at. 1995). Pereira et at. (1997) pointed that 

the use of SAR is problematic for mapping burns in uneven terrain, due to incidence 

angle problems. This methodology is likely to be immature especially outside boreal 

forest ecosystems, but its potential advantage of allowing observation of the earth's 

surface under cloudy conditions have attracted attention of remote sensing scientists 

concerned with tropical and boreal environments, where regular cloud cover can interfere 

with acquisition of other imagery at relevant times. 

Pereira et at. (1997) summarised the reasonable degree of agreement concerning 

some basic aspects of burned area detection and mapping derived from previous studies. 

The NIR is likely to be considered the best spectral region for fire detection, the visible 

range is not very effective for discriminating burns and the mid-infrared spectral region is 

promising for detecting burns in temperate ecosystems. They consider that the darkening 

of burned surfaces in the visible range may provide a stronger spectral contrast in tropical 

systems, especially when the fires burn on dry savanna landscapes. 

Fire mapping met hodotogies 

With the constraints imposed by the use of specific sensors, classifying the spectral 

properties acquired from the land surfaces to detect and map burned areas and associated 

land cover types has led to the application of a number of different methodologies. The 

properties that influence the types of methods used include spectral resolution of the 

instruments, spatial resolution of the remote sensing products and temporal resolution of 

imagery acquisition. Spectral resolution is the most influential in the process of selecting 
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and developing a suitable methodology. After reviewing a grouping of applications 

available in the literature, Pereira et al. (1997) suggested that the approaches developed to 

date may not be exhaustive and certainly not exclusive of each other. 

-- Visible class/Ica1ionforJIre mapping 

Chuvieco and Congalton (1988) pointed that a visual approach can be the simplest of 

all classification methods that have been applied to detect and map burned areas. With an 

adequate colour composite of a digital image or defining by the software driven growth 

of number and area of visually determined fire pixels, visible classification may be quite 

effective when a well-trained and regionally knowledgeable interpreter has been 

involved, even though the disadvantages of this method are very obvious. It is very 

labour intensive, time consuming and prone to inter-personal subjectivity (Pereira et al. 

1997). In tropical savannas of northern Australia, Russell-Smith et al. (1997, 1998) and 

Gill et al. (2000) have applied visible classification for mapping the fire history of the 

Kakadu National Park. The fire scar mapping accuracy in the former study derived from 

semi-automatic interpretation of Landsat MSS imagery, which integrates automatic 

classification and visual distinguishing was somewhat greater than 80%. 

-- Single channel approach 

Hall et al. (1980) firstly used a 'slicing' approach to classify the histogram of relative 

frequencies of different spectral values into three-level categories of burn severity, 

employing a single channel, namely Landsat MSS channel 7 (0.8-1.1 tm) as the best 

indicator for a two-week old, large tundra fire in Alaska. Subsequently, this density 

slicing method has been broadly used for mapping and detecting hot spots with AVHRR 

channel 3 and the thermal band data in tropical areas and boreal forests (Langaas 1992; 

Milne and Hall, 1992). This method assumes that fires are active at the time of satellite 

imagery acquisition and that channel 3 is accurate enough to discriminate fire hot spots, 

but these two requirements are not always fulfilled (Pereira ci al. 1997). The 

disadvantages of this approach are effects of cloud coverage during the AVHRR 

acquisition and temperature saturation of channel 3, which has rather poor thermal 

sensitivity. 
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-- Vegetation Index (VI) approaches 

Temporal comparisons of vegetation indices (see previous chapter) that characterise 

the spectral contrast between NIR and visible bands are suitable for detecting and 

mapping burned area and have been widely used in remote sensing of fire history. 

Jackson and Huete (1989) pointed out that in spectral characteristics calculation of 

vegetation indices (see Chapter Three) can not only enhance the vegetation signal but 

also minimise the effects of atmospheric, solar irradiance, and soil background. In 

contrast with fire hotspot mapping that is usually derived through AVHRR channel 3 

data, fire scar and fire history mapping can be conducted by interpreting NDVI 

multitemporal data (eg. Kasischke et at. 1993; Kasischke and French 1995). This 

mapping approach is based on estimation of the difference between two NDVI maximum 

value composites, corresponding to the beginning and end of the study period, with 

criterion of a given NDVI decrease threshold used to identify burned areas. Kasischke 

and French (1995) had improved this approach using images acquired in the same season 

of different years and a spatial adjacency constraint on pixels identified as burned with a 

less restrictive threshold in order to reduce underestimation and the large number single 

pixel false alarms. Pereira ci' at (1997) compared the ability of various vegetation indices 

to discriminate between burned and unburned surfaces in AVHRR data with other maps 

of fire scars derived from classification of Landsat Thematic Mapper imagery. These 

vegetation indices had been suggested by French ci' at. (1995) and were experimentally 

measured due to serious deficiencies in mapping burned surfaces with direct 

interpretation of AVHRR images, which are caused by sensitivity to atmospheric 

conditions and soil background. The four tested VI were the NDVI, the V13, GEMI (the 

Global Environmental Monitoring Index; Pinty and Verstraete, 1992) and GEMI3, a 

modified version of GEMI3, where the reflective component of channel 3 was used 

instead of channel 1. The result of this comparison indicated that GEMI3 was the best 

discriminator for burned scar mapping, followed by GEM! and V13, and finally the 

NDVI. 
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Use of Vegetation Indices for detecting and mapping burned surfaces has been 

applied with Landsat-based data since Mime (1986) who used a Landsat MSS SR (MSS7 

/ MSSS) to map fire severity in dry sclerophyll woodland in the Sydney region. Other 

studies were subsequently performed in pine forest in Spain (Chuvieco and Congalton 

1988) and mixed forest in Michigan (Jakubauskas el al. 1990). 

-- Principal component analysis 

The principal component analysis (PCA) is a redundancy reduction technique that 

leads to a description of multi-dimensional data in which the axis variables are 

uncorrelated, with the first component containing most variance and succeeding 

components containing decreasing proportions of data scatter (Richards 1984). Most of 

the multispectral image data variance is aligned with its first axis or principal component 

in a vector space produced by PCA, while a large part of the unexplained variance lies 

along the second principal component axis which tends to be mutually orthogonal 

(Richards 1984). In the classification process, principal components higher than about 

third order usually are ignored because of their very low representation of original image 

variance. Nevertheless, in multitemporal studies, the regional alterations or variation are 

always localised in lower order components, such as the third and fourth principal 

components (Milne 1986; Richards 1986). In the PCA approach, all available channels 

are employed in the analysis, for instance Richards (1984) combined a Landsat MSS 8-

dimensional dataset with pre- and post- fire images. Similarly, Pereira (1992) employed a 

12-dimensional Landsat TM dataset as a composite containing 12 channels from 

multitemporal data, while Siljeström and Moreno (1995) performed an 8-dimensional 

multitemporal analysis using four least correlated Landsat TM bands. Different 

proportions of burned areas in the scenes influenced the selection of principal 

components that effectively delineate fire spectral properties (Pereira et al. 1997). 

Regression analysis 

Logistic regression are widely used for predicting a binary dependent variable from a 

set of independent variables (Koutsias and Karteris 1998). The logistic regression 

approach has been proven successful in examining the relationship between a set of 
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independent variables and a dependent variable that takes two dichotomous values 

(Pereira and Itami 1991; Bian and West 1997). For burned surface mapping, a logistic 

regression model can be applied for estimating the probability based on whether or not a 

pixel belongs to a burned area and consequently can be categorised as burned or 

unburned. Koutsias and Karteris (1998) employed two Landsat TM images respectively 

taken pre- and post- a large fire occurring in Greece to establish training data. They 

suggested the model constructed with the two TM4 bands performed best, followed by 

those using TM7 and TM 1. Nevertheless, a logistic regression model using one post- fire 

Landsat TM image was developed and applied in burned area detection and mapping. In 

this case the sampling areas for the burned and the unburned areas had been determined 

on the single satellite image. The models, which included the spectral channels TM7, 

TM4 and one of the TMI and TM2 of a single post- fire Landsat TM image, demonstrate 

a very satisfactory overall accuracy (97.37%). The main advantage of logistic regression 

is the simplification of the criterion whether or not a pixel belongs to a burned area, that 

is a threshold predicted probability. However, application is still dependent on access to 

training areas on a satellite image for which it is known unequivocally whether they 

belong either to burned or to unburned areas. This demands operator's knowledge from 

both the field and satellite images and high standards of registration of images. 

-- Spectral classUIcaiion 

Spectral classification of satellite imagery to automatically categorise pixels that 

reflect distinct land cover features has been widely applied. Two main types of 

approaches are commonly recognised and widely used, namely supervised and 

unsupervised classification. Supervised spectral classification uses the analyst's 

knowledge of ground features to aid the computer analysis of the image spectral 

properties with the automatic classification algorithm. Prototypes of the various land 

cover types of interest are determined in this procedure and afterwards each image pixel 

is numerically compared to these prototypes and assigned to the category it resembles the 

most closely. Unsupervised spectral classification uses mathematical algorithm to 

identify natural groupings of digital number values, which are subsequently classified by 

the analyst. In an extensive review on fire mapping with remote sensing approaches, 
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Pereira etal. (1997) traced the earliest attempts for classifying Landsat MSS images to 

map burned surfaces, done by Hitchcock and Hoffer (1974) and Isaacson etal. (1982). 

Those fire-mapping practices were also based on comparing of classification results 

derived from images acquired pre- and post- fire. 

Using Landsat TM data that have relatively high spectral resolution for application of 

multispectral classification, Chuvieco and Congalton (1988) performed supervised 

classification with bands 3, 4, 5 and 7 with maximum likelihood and k-means clustering 

algorithms, but results were not satisfactory due to spectral overlap of the burned areas 

with other land cover types. After refining the training statistics with a mixed 

unsupervised and supervised classification procedure, overlap problems were overcome 

with improved mapping accuracy. A recent example of using supervised classification to 

map burned areas is that preformed in a tropical wildlife sanctuary in Thailand (Giri and 

Shrestha 2000). A single post-fire Landsat-5 TM image was successfully used to map 

burned surface after a forest fire with an accuracy rate of 97.30%. Most unsupervised 

classifications mapping for burned surfaces were carried out with multitemporal image 

data set (Jakubauskas ci al. 1990; SiljestrOm and Moreno 1995). 

4.2. Methods 

4.2.1. Image selection and ground data 

A series of 27 images was obtained from Landsat-5 and Landsat-7 overpasses 

(path/row 105/70) for the study area (Table 2.01) cover the period 1989 to 2000. Efforts 

were made to acquire cloud free images at appropriate times of the year to capture 

seasonal variance broadly classified as early (March-May), middle (June-August) and late 

(September-November) fire (dry) season. Eight, twelve and seven images were available 

for the twelve-year period in the Early, Middle and late dry season respectively. The 

latest image acquired in June 2000 was georeferenced to a 1:50 000 topographic map of 

the study area, which was the largest scale available, with a RMS error of less than 30 
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metres, as described in Chapter 3. The other images were referenced to this image with a 

RMS error of less than 0.5 of one pixel. 

An IKONOS image, which was acquired in June 2000 and covers a subset of the 

study area, was obtained to be used for accuracy assessment. Visual identification of fire 

scars on the IKONOS image with I by 1 m spatial resolution was feasible. Ancillary data 

included ground data recording coordinates of sites burned (with a GPS) and a 9-second 

Digital Elevation Model (DEM) provided by the Australian Survey and Land Information 

Group (ASLIG). 

Two distinct methodologies were used to provide for accuracy assessment. Field data 

were collected noting the locations of fires in 50 m intervals by walking along four 

transects of 5 km length each set up in the study area. This fieldwork was carried out at 

the acquisition time of the June 2000 Landsat Enhanced Thematic Mapper Plus (ETM+) 

image, which was used for the development of the fire mapping approach. This 

synchronicity is crucial because fires are frequent and continuously occurring at this time 

of year. A total of three hundred field observations to assess the overall accuracy rate of 

fire mapping were thus available. The panchromatic band of the IKONOS image was 

used as a second method of verifying identification of fire scars on the Landsat image. 

The 1 m spatial resolution of these data allows the visual identification of fire scars, 

although the acquisition data was one week later than that of the June 2000 TM image. 

4.2.2. Fire mapping methodology used in Fergusson River Catchment imagery 

The Landsat ETM+ image acquired in June 2000 was used to develop a reliable 

methodology for accurate mapping of fire scars that could be confidently applied to the 

images acquired over the past decade. The interactive method developed here employs a 

two-tiered approach, as can be seen in the flow diagram (Figure 4.01). First, a 

conventional, pixel-based, spectral unsupervised classification was performed to identify 

potential fire areas. Second, areas that could be clearly and unambiguously recognised as 

fire scars by the operator were manually delineated to provide a coverage of "definite" 
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Figure 4.01. Flow chart of the operational methodology for fire mapping that! 

applied in this study. 
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burned areas. The spectral classification was based on an unsupervised ISODATA 

algorithm of Landsat ETM+ bands 3,4, and 5, generating 100 spectral classes. 

Considering that vegetation is highly sensitive to fire, the visible red, NIR and MIR bands 

were used in the image classification process. This band combination has been used 

widely as a standard in vegetation studies (Conese and Maselli 1993). Each of the 

resulting classes was displayed on top of the false colour composite and assessed as being 

a fire scar or other land cover. This process of assessment was supported by available 

field data, the DEM and local knowledge to indicate potential water bodies and areas of 

shadow. The classes were then aggregated to a binary image containing a value of'l' for 

all pixels that are potentially affected by fire and '0' for apparently unaffected pixels. 

The manual delineation of'definite fire areas' was achieved by digitising boundaries 

from the false colour composite with the help of field knowledge including timing of fires 

and rates of"fading" of fire scar discrimination determined by use of portable radiometer 

and hand-held GPS (Y. Zhang and C. Menges, unpublished data), and the DEM. The 

boundaries of fire patches were roughly outlined, being careful to eliminate topographic 

shadows, water bodies, and other features that may spectrally overlap with fire signatures. 

The digitised map was saved as a binary image with a value of' 1' for the identified fire 

areas. The final fire map was produced by multiplying the pair of binary maps from the 

spectral classification process and the manual masking process. The results of fire 

mapping for the June 2000 image were evaluated using the ground transect field data and 

the fine resolution image validation derived from the vegetation data interpreted visually 

by the IKONOS image with comparing corresponding points. 

The procedure was then applied to all 27 scenes spanning the twelve-year period. It 

is important to note that only relatively fresh fire scars (within 1-2 months by field 

investigation) were mapped on each of the images. The results were compiled to calculate 

the average area burned in each fire season and to generate maps of fire probability. The 

probability of an area being subject to fire in a given season was derived from the average 

number of times that area had been classified as burned in the available imagery over the 

twelve years of sampling. That is if an area was burned in all data sets available for a 
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given season, it is considered to have a high probability of being burned in this season in 

coming years. Whereas, an area that has not been burned in any of the available data sets 

of images in a given season, the probability of it burning in coming years is considered 

low. 

4.3. Results 

With the data set including twenty-seven images covering the area of interest, I 

mapped the fire history at different times in the fire (dry) season. I analysed fire history 

with reference to the time of year (month), in which images were captured and by 

dividing images into categories of early, middle and late season as described earlier. 

4.3.1. Selection of bands used 

Landsat Thematic Mapper data bands three (red), four (infrared) and five (mid-

infrared) were used in the operational fire mapping methodology. Koutsias and Karteris 

(1998) reported in their Mediterranean forest fire mapping research that the colour 

composite consisting of TM7, TM4 and one ofTM1, TM2 or TM3 displayed in red, 

green and blue colour plane, respectively, allowed better visual discrimination between 

burned land and other land cover/use categories. 

The best colour composite we used in tropical savanna bushfire mapping is TM5, 

TM4 and TM3 displayed in red, green and blue. The burned areas appeared as black and 

dark purple to black according to the timing of burning relative to the time of capture of 

images. Because of the ash, very freshly burned areas appeared as black. The colour 

composite is comparatively important in savanna bushfire mapping as it provides the 

basis for the operators visual discrimination in the interpretation process. However, with 

the methodology outlined here manual delineation is confined to unambiguously burned 

sites and digitising of precise boundaries in areas of ambiguity is handled in an automated 

way based on a classification. 
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Figure 4.02. Spectral signature plots of burned areas and other land cover 
categories present in the study area which have been compared against the burned 

areas. 
(a) Fire scars and water bodies and shadows. (b) Fire scars and residential, rocky and bare 

areas. (c) Fire scars and vegetation, forest is separately compared. 
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The results in this study differ from the study conducted by Koutsias and Karteris 

(2000) in Mediterranean forest fire mapping. Instead of TM7, I found that TM5 was the 

best spectral channel that provided most reliable discrimination (Figure 4.02) in the 

categories of tropical savanna landscape. This finding actually is similar with the 

Mediterranean study in the categories that are most common in savannas, such as forest, 

water bodies (fresh and salty), shadows, and bare land. In the Mediterranean Basin TM7 

was showing a strong spectral separation between burned land and a crop category that is 

hardly found in 'natural" tropical savannas. 

Estimation of separability indices provides a prior quantitative measurement of the 

discrimination of the spectral classes. Both Transformed Divergence and Jeffries-

Matusita show TM5 to slightly better than TM7 for the discrimination between fire scars 

and other classification categories (Table 4.01). These methodologies are described in 

Chapter 3. 

4.3.2. Temporal patterning of savanna fires 

Fire history mapping was conducted to obtain its temporal pattern in a variety of time 

scales. Across the study period of 12 years as a whole, information on areas classified as 

burned provides an overview of spatial extent of burning and its variability, and the 

frequency of fire at any point. At an annual level, the area burned and the seasonal 

patterns of burning could be explored. 

4.3.2.]. Fire characteristics over twelve years 1989-2000 

Over a twelve-year period, 92.6% of the land cover in the study site had been burned 

at least once. 26.3% of total land cover had been burned at least once in the early dry 

season, 81 .2% in the middle and 56.9% in the late dry season. These results were derived 

by overlapping all of the mapped fire layers interpreted in all images acquired in the 

twelve-year duration. 1-lowever, because image data acquired from 1994 to 1999 include 

three scenes a year in three seasons, maps showing the total area burned were reproduced 

just in these sequences of years. Between 1994 and 1999, year to year variation of the 
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Table 4.01. Comparison of band separability measures using Transformed Divergence and Jefferies-Matusita Distance. 

Transformed Divergence 347 

Fire Shadow Water Forest Woodland Residential Bare 
Bodies Area Land 

Fire 0 1835.91 1578.83 2000 2000 2000 2000 

Shadow 1981.74 0 1947.8 1868.52 1925.6 2000 2000 

Water Bodies 1989.19 1987.32 0 2000 2000 2000 2000 

345 Forest 2000 1917.76 2000 0 1999.89 2000 2000 

Woodland 2000 2000 2000 1999.94 0 2000 1999.53 

Residential Area 2000 2000 2000 2000 2000 0 2000 

Bare Land 2000 2000 2000 2000 1999.89 2000 0 

Jefferies-Matusita Distance 347 

Fire Shadow Water Forest Woodland Residential Bare 
Bodies Area Land 

Fire 0 1355.8 1207.83 1402.91 1414.18 1404.8 1402.91 

Shadow 1409.04 0 1408.91 1326.06 1381.35 1413.99 1404.25 

Water Bodies 1410.13 1413.88 0 1381.54 1401.66 1410.48 1401.25 

345 Forest 1414.17 1409.08 1411.63 0 1383.05 1414.21 1411.55 

Woodland 1414.21 1389.4 1414.21 1395.36 0 1414.21 1355.13 

Residential Area 1413.67 1414 1414 1414.21 1414.21 0 1390.34 

Bare Land 1414.21 1407.35 1414.14 1414.21 1355.28 1394.1 0 
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Figure 4.03. Proportion (%) of total area burned at any time in the dry season in 

the study area in the sequence of years from 1994 to 1999 during which 3 images 

were available for each of the early, mid and late dry season. 
* The bar indicates the SD = 14.1 
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proportion of the site burned was considerable, ranging from about 9% to 49% (Figure 

4.03). 

4.3.2.2. Total area burned on an annual basis 

There are three satellite images respectively acquired in early, middle and late dry 

season each year in the years from 1994 to 1999, so that by overlapping the three fire 

maps, yearly mean proportions of area burned in the study area can be monitored. 

Annually, an average of3l.9% (n = 6, SD = 14.1) of the land cover in the study area was 

burned during the period from 1994 to 1999, but proportions burned fluctuated 

substantially from year to year (Figure 4.03). The area burned in 1994 is the highest 

among six-year data. This percentage demonstrates a gradual increase after 1995's low 

value, which followed the pronounced high in the previous year. Correlation analysis was 

conducted between cross year wet season rainfall (Table 2.01, from November to March 

in the next year) and annual percentages of area burned in the period of consecutive six 

years from 1994 to 1999, indicating no significant correlation with annual rainfall (R = 

0.0118, P = 0.2887). It suggests that wet season rainfall does not significantly influence 

dry season conflagration in the savanna landscape, possibly because savanna fires occur 

from late wet season and cross whole dry season in which nearly no rain occurs in the 

region. It is notable that March 1994 had the second highest rainfall value in March in the 

twelve-year record (Table 2.01), and the percentage of area burned in April in this year 

demonstrates the highest in the six year period, suggesting fuel load in the late of dry 

season might contribute to fire occurrence in the following months of the dry season. 

Meanwhile, the sample size of the correlation analysis (n = 6) can also be considered for 

the interpretation of the analysis. 

4.3.2.3. Seasonal wildfire patterns 

The proportion of the study area in this study that was burned during the early, 

middle and late dry season over the twelve years of available image data is shown in 

Figure 4.04. In the early fire season the percentage of burned area is lowest (3.17% SD = 

2.83, n = 8) among the values in three periods of the dry season (ANOVA, P<0.001, 

using pairwise comparisons). This variation reflects the fluctuation of fuel availability 
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Figure 4.04. The average percentages of the total study area burned in the three- 

term fire seasonality. 

The bars represent SD. 
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and combustibility that occurs as the country dries out during the dry season. Larger areas 

(18.99%; SD = 6.57, n = 12) are burned in the middle dry season. On average, 

significantly smaller areas (ANOVA, P<0.05) are burned during the late dry season than 

that in mid-dry season when 11.87% (SD = 8.49, n = 7) of the study area is burned. Fires 

are often more intense in the late dry season (Williams et al. 2001). It is noteworthy that 

only 3. 17% of the study area was burned during the early fire season, when fires are 

coolest and are thought to have least ecological impact but facilitate later control and 

mitigate later fire intensity by removing some fuel. This result is important as many 

previous studies have only considered two fire periods through the dry season and 

consequently obscured some of the management implications of dry season fire patterns. 

Also, it is noteworthy that the present study was undertaken in a mix 

of land use types different from the previous studies that were carried out mainly in 

National Parks, including pastoral land, city owned land, reserves and crown land. 

Wet season rainfall can be a variable that influences early dry season fires. 

Correlation analysis between cross year wet season rainfall (Table 2.01, from November 

to March in the next year) and percentage of area burned in early dry season indicates a 

significant negative correlation (R = -145.4306, P = 0.0346) in the consecutive five year 

period from 1994 to 1998. The percentage of area burned in the early dry season of 1999 

shows an unusual high (12.53%), so the correlation analysis did not include this year's 

data. The negative correlation between cross year wet season rainfall and percentage of 

area burned suggests that precipitation cross whole wet season can be an important 

variable influencing early dry season fires in savanna landscapes. 

The compilation of fire events for the three seasons over the past twelve years 

provides a view of the likelihood of particular areas in the study area being burned. It is 

the mid-dry season that stands out as the major burning period in the Australian savanna 

landscape under contemporary circumstances. The three-season division helps to identify 

the extent to which early burning is used to reduce later fire risk and gain a measure of 

control over the incidence and impact of fire in this landscape. 
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4.3.2.4. WildfIre patterns on a monthly basis 

Some further insights into temporal pattern of landscape burning can be gained by 

considering fine subdivisions of the pooled collection of 27 images. This cannot be 

carried too far because the size of the sample of images obviously contracts as temporal 

subdivisions become finer. Figure 4.05 shows monthly breakups with two lows at both 

ends (2.6% in April and Il .2% in October) and a peak rate in August (20.4%) during the 

seven month dry season. 

Comparatively high rates in June, July and August have shaped the pattern of 

monthly fire rate changes with a prominent middle season high. September and October 

rates are lower but all higher than those in April and May which are categorised in the 

early season. However, it is notable that these proportion of area burned just reflects the 

burning in each individual month, as the area available to burn is reduced by previous 

ignition. In connection with rainfall data in Table 2.01, this fire pattern indicates a 

negative correlation with monthly mean rainfall (R = -0.4826, P < 0.05), indicating the 

effect of precipitation on fire extent during the dry season. 

4.3.3. Bushfire spatio-temporal analysis 

Provided that there is no change in natural circumstances or fire management practices, 

the mapping information used to derive these average figures can be viewed as the 

probability of areas being affected by fire in a particular season in coming years. A 

probability surface created by processing with a digitised image processing function for a 

sequent series of images from 1994 to 1999 is shown in Figure 4.06, 4.07, 4.08 and 4.09 

for the individual fire season segments and the annual average. This function overlaps all 

binary fire maps in a given period and then divides by the number of fire maps involved. 

The fire probability map, which is a remote sensing product created in a large scale and 

covers both temporal and spatial patterning, provides a descriptive and predictive view 

over the study site for considering prevailing fire management performance, assessing 

their implications and designing improvements. It has the potential to improve 

understanding of the savanna wildfire pattern, through more detailed analysis in 

conjunction with geographic, landscape and social data. 
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Figure 4.05. The average percentages of the total study area burned in different 

months across the dry season. 

The bars represent SD. Numbers of images used in this study in different month are 6 in 

April, 2 in May, 3 in June, 4 in July, 5 in August, 3 in September and 4in October. 
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Figure 4.06. Maps of probability of burning in the study area for the early dry 

season to give an annual picture. 
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Figure 4.07. Maps of probability of burning in the study area for the middle dry 
season to give an annual picture. 
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Figure 4.08. Maps of probability of burning in the study area for the late dry 
season to give an annual picture. 
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Figure 4.09. Maps of probability of burning in the study area for the dry season 
as a whole to give an annual picture. 
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4.4. Discussion and Conclusion 

4.4.1. Operational fire mapping methodology 

The unsupervised spectral classification resulted in extensive confusion between fire 

scars, water bodies, topographic shadows, and other features such as mixed pixels in 

catchment areas where vegetation signatures are dominated by standing water and in cliff 

regions where vegetation signatures are influenced by shadows. Figure 4.1 0a shows the 

binary map resulting from this classification process. Comparison with the false colour 

composite (Figure 4. lOd) highlights the problem of spectral overlap. A more 

sophisticated classification process, possibly using more spectral bands, could be 

implemented to resolve some of these ambiguities, but there is doubt as to whether the 

problem could be addressed fully without some level of operator intervention. The real 

difficulty in this task is the nature of the fire scars to be mapped. Within the study area, 

the frequent fire events and variation in their timing relative to image capture throughout 

the dry season leads to greater spectral variation of these targets. The fires in this 

environment burn the dry grass, but often leave the sparse tree canopies relatively 

unaffected, depending on the severity of the fire (Williams et al. 1999, Yibarbuk el al. 

2001). Thus the spectral signature is a mixture of the canopies and the residue of burned 

grasses, which are black at first, but rapidly become lighter as the ash disperses with the 

wind. Eventually re-growth occurs. For this reason, a relatively large number of spectral 

classes were generated to minimise spectral overlap and capture the range of fire effects, 

but a more sophisticated classification methodology was not followed as the main goal is 

to develop a feasible and operational method for the mapping of long-term fire history 

over large area. 

Rather than attempting to devise a sophisticated classification methodology that may 

work well in some cases but fail to be operationally feasible when faced with a large 

volume of multi-temporal image data, the problem of spectral overlap was solved by also 

utilising the operator's knowledge of the study area and image interpretation. The result 

of manually digitised burned areas is shown in Figure 4.10b. Manual digitising of fire 
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Figure 4.10. Binary maps of (A) potential fire classes, (B) definite fire areas, and 
(C) the final map of fire scars. The burned area is represented in black. The false 
colour composite is shown for reference (D). 



Chapter 4 Bush fire: major feature of savanna landscape 

scars has the major disadvantage of being time consuming, but it yields great accuracy in 

recognition, especially in conjunction with ancillary data and the multiple images that 

were available for fire history mapping. In particular, a multi-temporal view allows 

recognition of invariant landscape features that generate signatures that may otherwise be 

confused with fire scars. There is a possibility that very small fire events of less than 10 

pixels may be missed because of limitation on the operator's visual capacity, but such 

events would be very rare in this environment and probably of limited ecological or 

management significance. The problem associated with this methodology is the accurate 

delineation of boundaries. To trace the outline accurately increases the time requirement 

very rapidly. Using the two-tiered methodology described here, it is important to be 

accurate in eliminating image elements that may be confused with fires, but little care 

needs to be taken with detailed mapping of the boundaries between burned and unburned 

vegetation. Provided that sufficient initial effort is made to exclude image elements that 

'mosaic' fires, the spectral classification will resolve the boundary with the best accuracy 

possible for the data resolution. 

Figure 4.10c shows the final fire mapping result that resolves the problems of 

spectral overlap amongst water-bodies, shadows, other topographic features and fire 

scars. This overlap is mostly evident in the unsupervised classification result as speckle 

which can be seen clearly in Figure 4.10a. The boundaries of the fire scars, which were 

represented approximately (and slightly exaggerated) by the manual digitising, are 

corrected in the final result using to advantage the spectral classification process. Small 

areas within larger fire scars that were not burned are also excluded from the final result. 

These tiny sites include unburnt rocky areas, recovery due to resprouting and many 

unburnt canopy covers. 

The accuracy of the final map was 94% and 9 1 % according to ground transect data 

and IKONOS data respectively. The overall accuracy rate assessed by IKONOS data was 

slightly lower, possibly because this method may include errors in the visual 

interpretation and due to the time delay of one week, during which a number of fire 

events could have occurred. However, the relatively small difference in accuracy 
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indicated by the two methods of validation suggests that the use of small areas of high 

resolution data to assess the accuracy of results from medium to low resolution data 

analysis is a relatively cheap and effective means of establishing reliability of fire 

mapping, particularly if they are acquired synchronously. 

The methodology developed for the mapping of recent fire scars in savanna 

landscape is dependent on operator knowledge, and moderately time intensive depending 

on the number of fire events present in the study area. However, it is highly robust as no 

radiometric corrections are required and it demonstrably produces accurate and reliable 

results. This is of great importance for fire history mapping, as there are rarely ground 

observations for the validation of fire maps derived from older images. 

A number of innovative methods of mapping fire with multi-temporal data have been 

tested in many studies of the sort I summarised earlier. These include use of specific 

vegetation indices (Pereira 1999, Trigg and Flasse 2001), i nten s ity-h ue-satu ration 

transformation (Koutsias et a! 2000), logistic regression approaches (Koutsias and 

Karteris 1998, 2000), Principal Component Analysis (PCA, SiljestrOm and Moreno 1995) 

and a wide set of multitemporal change detection techniques (Chuvieco and Congalton 

1988, Jakubauskas et al 1990, Lopez and Caselles 1991). Most of them have been applied 

to forest fires that were interpreted by detecting the spectral changes between remotely 

sensed data acquired pre- and post- fire events with more sophisticated algorithm and 

classification methodologies. However, it needs to be stressed that tropical savanna 

bushfires occur throughout the seven-month dry season, so bushfire mapping must not 

only take account of single fire events, or early and late fire distribution, but also the 

dynamics during the fire season. In this respect, the mapping challenges are very different 

to the irregular extreme changes following fire observed in many other environments. 

Obtaining pre- and post- fire images for events that occur many hundreds of times during 

a year over a substantial area is obviously impractical. 
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4.4.2. Fire probability/frequency map 

Gill (1981) addressed three major elements that characterised tropical savanna fire 

regime: frequency, intensity and seasonality. In some case, fire frequency can be 

recalculated as fire interval, which is categorised as one of three parameters for fire 

frequency (Russell-Smith et al 1998). Using raw frequencies gives figures varying with 

the length of the period over which the study was carried out, compromising 

comparability of fire regime studies. The present research recommends fire probability as 

a measure to compactly summarise past fire regime and to predict fire occurrence in the 

future for a given region, also because it is adaptable to the features of the remote sensing 

approach under which sampling is almost always discontinuous. 

However, comprehensive description of fire interval demands a continuous sampling 

process to identify individual fire events. Probability reflects a statistical attribute that 

takes advantage of a large number of samples. Even though missing some events because 

of discontinuous sampling, the quotient of the number of fire occurrences is still 

informative and reliable for fire analysis. For fire interval study, otherwise, missing 

samples due to discontinuous sampling will result in a big difference in the observation of 

the interval. 

The fire probability map for the early dry season shows that a relatively small 

percentage of the area is regularly affected by these early fires. These small areas are 

concentrated around the township of Pine Creek (top left corner) and the Mount Todd 

goldmine (lower centre), as well as the Stuart Highway (from Pine Creek past the western 

side of the mine to Katherine as shown in Figure 2.01, the Study Area Map). This 

suggests that most of the fire events during this season are lit intentionally as an element 

of fire management strategy to reduce the fuel load and avoid middle or late season fires 

that can have adverse effects and be more difficult to control. The effectiveness of this 

strategy can be seen in the middle and late season images, where these areas burned early 

in the dry season appear to have a lower probability of burning subsequently in the same 

year. 
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During the middle and late season the vast majority of the study area has a high 

probability of fire events occurring. There are few causes for a fire to occur naturally as 

thunderstorms are relatively uncommon prior to the end of the period covered by the late 

dry season imagery. Most fires are likely to have been deliberately lit by residents or 

visitors for a variety of purposes, sometimes associated with land management but 

perhaps often capricious. Whatever the motivation, late dry season fires will spread very 

widely because of the fuel availability, favourable fire weather and the lack of barriers 

such as waterways, roads, or artificial firebreaks. There is one area in the lower part of 

the late season image, which has a very high probability of burning during this season. 

The reason for this has not yet been investigated, but it is noteworthy that the area is 

rarely burned during the early and middle dry season. 

In the image portraying the probability of an area being burned at some time during 

the year the eastern part of the study area stands out as being the least affected by fire. 

This area is known as the 'Arnhem Land Plateau', which is rugged sandstone terrain and 

relatively inaccessible to people, and which presumably offer some topographic barriers 

to early fires lit outside it. However, even here a good part of the area has a probability of 

burning exceeding 0.2. Russell-Smith el al. (2003) argue that fire free intervals of 5 years 

or more are necessary to maintain the fire sensitive vegetation of this environment. 

4.4.3. Conclusion 

Fire is an integral part of the ecology of the savannas in northern Australia. Due to 

their ecological importance, it is necessary to monitor the occurrence and impact of both 

management and wild fires. Fire mapping and the resultant fire histories provide some 

critical information layers for various analyses. Landsat TM data has sufficient temporal 

and spatial resolution for many research and management purposes. But using this 

imagery, spectral overlap has in the past been a problem for the mapping of fire scars. 

The "hybrid" operational methodology for fire mapping using Landsat TM developed in 

this study was tested on the most recent image for which concurrent ground data were 

available, resulting in an accuracy of 94%. The methodology is reliant on operator 

knowledge, which provides consistency in the interpretation and analysis of past data sets 
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for which ground validation can not be carried out. The accuracy estimate derived using 

this method was very close to that derived from actual ground data with the small 

differences being attributed to the short time delay between image acquisitions. For fire 

history mapping, dealing with a big number of images, this operational methodology can 

be a relatively accurate method to interpret fire events, especially in savanna landscapes. 

The maps for each of the individual images of the historical data sets were 

summarised by early, middle and late fire season. It was found that middle season fires 

affect the largest proportion of the study area, followed by late season fires, and that only 

a very small proportion is burned during the early season. I also applied the methodology 

to a time series of images acquired in the period from 1994 to 1999 to statistically and 

spatially derive a fire probability map for three distinct fire seasons. The analysis showed 

that only very small proportion of the study area was burned in the early season, while 

fires in middle dry season were extensive. Year to year variation in the extent of fire in 

total or in the different seasons was not affected by the total amount of rainfall in the 

preceding wet season, even though relationships may have been anticipated given likely 

effects on fuel loads. Other sources of variation in extent of fire are explored in Chapter 

7. 

The fire probability maps derived from this analysis provide a descriptive and 

predictive view for compiling fire and wildlife management plans and understanding the 

wildfire patterns and influences of fire management actions in the Australian savanna 

landscape. The early season fires tend to occur mostly around residential areas, highways 

and some tracks. The middle dry season fires, which constitute the majority of wildfire 

events, are inferred to depend on human activities and fuel availability. 

It is well known that fire has been highly influential in shaping the savanna 

landscape. The result of this study will provide insight into the correlation between 

vegetation communities, habitat and the frequency of fire events. Such knowledge is 

instrumental in designing fire and wildlife management strategies for this environment 

and compiling conservation management plans. 
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Chapter Five -- FIRE PATTERNS IN RELATION TO 

VEGETATION TYPES 

5.1. Introduction 

Savanna fires have been playing a critical role in the tropical dry-wet ecosystem in 

the evolution of regional flora and fauna, and maintain habitat heterogeneity and 

species diversity for both plant and animals (Gill etal. 1981; Pyne 1991). The 

ecological effects of different fire regimes in savanna fire in the natural vegetation of 

northern Australia are the subject of much controversy and have been hotly debated 

(Yibarbuk etal. 2001). Bowman ci al (1988) addressed an important result that 

analysed the vegetation changes resulting from a 13-year savanna burning experiment 

at Munmarlary in Kakadu National Park. They concluded that with the exception of 

long-term exclusion of fire, fire regime changes did not result in major floristic and 

structural change in the Eucalyptus spp. woodland savannas. The role of savanna fire 

in maintaining favourable vertebrate habitats in the region, especially for communities 

of granivorous birds, has been much less studied. Lonsdale and Braithwaite (1991) 

pointed that the intensity of savanna fires is generally low and seems to cause little 

mortality in canopy trees in dry savanna landscape. 

However, it is recognised that fire is a constant feature of the regions used for 

feeding by avian granivores in the dry season (Dostine ci' al. 2001). It removes the 

layer of senesced and serc grass and permits access by granivorous birds to the seed 

bank on the soil surface (Braithwaite and Estbergs 1985; Woinarski 1990). 

Significant population declines of avifauna, in particular the granivorous birds 

have occurred in the northern Australian savannas, where most of the region appears 

structurally intact (Garnett 1992). Franklin (1999) suggested that these declines could 

be a consequence of replacement of Aboriginal land management with European 
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pastoralism and the different fire regimes pastoralism required or caused. Fire 

frequency, cyclical occurrence, size distribution of individual fires, intensity, severity, 

season, and type of ignition, are all important in characterising fire patterns (Li et a! 

1999). Fire studies, including fire history mapping and experimental fire regimes, 

have been conducted over large areas, but most of them, especially long-term fire 

history studies, were carried out in intensively-managed National Parks (Russell-

Smith etal. 1997; Gill etal. 2000; Edwards etal. 2001; Russell-Smith etal. 2003). 

Knowledge of fire frequency, patch size and other aspects of fire regime urgently 

requires improvement outside the Parks, where land use objectives are different and 

more variable, and where sources of ignition are under less direct management 

control. Better understanding is a prerequisite for the development and introduction of 

appropriate fire and land management to enhance wildlife conservation and perhaps 

recover avian granivorous fauna. 

5.1.1. Habitat study 

Habitat is sometimes defined as the place in which animals live. More recently, 

those concerned with study of habitat quality and its relation to the dynamics of 

wildlife populations have emphasised the need to understand and measure availability 

of critical or limiting resources for meaningful and useful descriptions of habitats. 

They are at pains to emphasise that vegetation is not synonymous with habitat 

(Morrison ci al. 2002). 

This obviously presents difficulties for application of remote sensing to habitat 

studies, because it will often be difficult to directly measure the resources of concern. 

For example, it may be impossible to directly measure the abundance of tree hollows 

as a limiting resource for hollow-nesting birds. However, it is possible to measure the 

extent and some aspects of the condition of surrogates for such resources. This 

requires the identification of important resources and some measure or at least 

inference about the level of their association with features of the environment that can 

be measured by remote sensing. 

The quality and quantity of vegetation cover influences shelter and food 

availability for the species relying on the habitat, and therefore influences the 

population dynamics of those species. Disturbance, such as wild fire, may generate 
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heterogeneity in the landscape. Depending on the temporal and spatial scale of study, 

the effect of disturbance on landscape heterogeneity varies. One of the most obvious 

impacts on the landscape is fire-driven habitat fragmentation, resulting in a landscape 

that consists of intact vegetation patches mixed with fire scars. In the savannas, where 

the grassy stratum is spatially dominant and grasses make up the bulk of fuel burned, 

implications for the distribution and availability of resources such as seed and nest 

sites (for ground nesting birds) are profound. Fire may suppress the availability of 

some resources, while providing opportunities for development of other communities 

providing different resources for different fauna. Pearson (2002) combined techniques 

in remote sensing, GIS and landscape ecology to show that savanna landscapes 

maintain high levels of heterogeneity at relatively fine spatial scales, and argued that 

fire was important in maintaining heterogeneity. 

In the literature, two main categories of habitat study have been conducted with a 

combination of GIS technology and concepts derived from landscape ecology. These 

two groups included vegetation mapping using satellite remote sensing data and 

landscape analysis on the configuration of favourable habitat patches, which focused 

on habitat fragmentation. Mapping wildlife habitats with remote sensing approaches 

provides vector and raster data for landscape analysis, by which GIS methods can be 

introduced to implement spatially explicit examination. A good example of this sort 

of comprehensive study is a caribou habitat mapping and fragmentation analysis using 

Landsat MSS, TM, and GIS data in the North Columbia Mountains in Canada 

(Hansen et at. 2001). Mapped landscape data derived from satellite imageries in 

different times were compared using selected spatial landscape metrics to quantifr 

changes in the composition and spatial configuration of the habitat. The finding 

indicated that in the study area early winter caribou habitat is fragmented and 

identified management implications for timber harvesting and wildfires on a forested 

landscape. 

Fire-affected habitats, especially in the tropical savannas, have not been 

comprehensively studied from the landscape ecology perspective and in particular 

focusing on the significance of a shifting fire-driven patchwork. In the Great Victoria 

Desert, a dry and sparsely vegetated region in the central Australian continent, 

Haydon et at. (2000) constructed and parameterised an explicitly spatial, large scale, 
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high resolution model for fire driven habitat dynamics. They revealed the relationship 

between patch size and age and habitat successions after fire, based on an analysis of 

the landscape age structure. Dostine et al. (2001) studied habitat use by the 

endangered granivorous bird the Gouldian Finch in the tropical savanna landscape 

with more or less spatial consideration of bush fire effects. 

Woinarski (1990) found that many bird species were attracted to areas that had 

been recently burnt. Patchy habitats with both burnt and unburnt areas are likely to be 

important for granivorous birds, since patchiness at appropriate spatial scales maintain 

both shelter and food so long as burning also occurs at appropriate intensity and 

frequency (Fraser 2000; Fraser ci al. 2003). Li ci al. (1999) tested the hypothesis that 

fire frequency and size distribution of fire are correlated under natural conditions. 

Their study demonstrates that at appropriate spatial and temporal scales, the 

distribution of negative exponential fire size can be approximately estimated by a 

known fire return interval. 

Thus it can be seen that studies that encompass patterns of fire in both space and 

time and deal with patch size are not only a methodology to elucidate fire behaviour, 

but also informative for habitat patterns to measure the habitat usability for ground-

dwelling and seed-eating animals. Modern fire regimes in the Fergusson River 

Catcbment (FRC) where much of the area has been influenced by human activity 

could shape habitats of granivorous animals to be patchier. Or have more 

homogenous habitats been created since fire regimes were changed following 

European colonisation? 

Dostine et al. (2001) indicated that beyond doubt some early dry season fire is 

desirable in parts of landscape to enrich food availability but the details of an 

appropriate fire regime remain unclear. The optimal mix of size of burned patches, the 

density of burned patches and the frequency of fire is uncertain. Understanding of fire 

regimes and their implication for resource dynamics is urgently required to formulate 

conservation plans sufficient to effectively preserve faunal species assemblages in 

fire-driven habitat mosaics. 

-120- 



Chapter 5 Fire patterns in relation to vegetation types 

5.1.2. Vegetation and fire effects 

Historically, the pervasive nature of vegetation adaptations to fire in the 

Australian flora suggests that there has been a long history of exposure to fire. The 

effects of fire can be traced in almost all the maj or vegetation types, even though fire 

regimes vary from region to region (Kemp 1981). 

Fire in northern Australian savannas had been accepted as an integral part of the 

environment and regular annual events as predictable as the rain of the wet season 

monsoon in many vegetation communities. Stocker and Mott (1981) found that 

characteristics enabling plants and vegetation communities to evade the adverse 

effects of most fires were well developed. They investigated various community 

responses to fire in both relatively undisturbed and disturbed ecosystems in tropical 

savanna forests and woodlands. It is necessary to gather this information to evaluate if 

natural and near-natural communities are to be successfully managed. 

5.1.2. 1. Fire-sensitive vegetation types 

Discussing the vegetation communities in forests and woodlands of north 

Australian savanna landscapes, Stocker and Mott (1981) categorised the responses of 

the forest and woodland communities into two groups: those communities adapted to 

regular fire and those dependent on fire-avoidance for their integrity. Basically, the 

first group is comprised of open forests and woodlands dominated by eucalypts and 

the seasonal swamp forest and woodlands dominated by Melaleuca spp. Those 

constitute the dominant vegetation configuration in the Fergusson River Catchment 

region. The second group includes rainforest, monsoon forests, heaths and lancewood 

thickets. Responses to fire of vegetation communities in this group have been studied 

in some detail (Bowman and Femsham 1991, Russell-Smith etal. 1998, Russell-

Smith et al. 2002). 

Plant species making up woodland and forest communities possess individual 

physical features that protect them to varying extents from the adverse effects of fire 

(Gill 1981). The understorey grasses are either annual being able to bury or otherwise 

protect their seeds from fire (e.g. Sorghum spp.), or perennial and regenerate from 

underground tubers or rhizomes (e.g. Chrysopogon ,Iallax). Some shrubs and trees 
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develop lignotubers from which new shoots can still develop when their aerial 

structures are scorched. Although many of the woody species develop a range of 

adaptations, the species composition of some communities tend to be sensitive to fire 

because the success of adaptive mechanisms varies to some degree with fire intensity 

and time of burning. Mapping and describing the configuration and extent of 

relatively fire-sensitive vegetation may permit better understanding of the likely 

effects of different fire regimes on vegetation pattern and habitat quality. 

5.1.2.2. Fire interval.,  an important Jèaiure offire regimes 

Considering fire as an important functional agent in the ecosystem, Gill (1975) 

noted fire intensity, fire frequency and seasonality as important variables. It is evident 

that fire regime including fire interval partly determines the vegetation configuration 

(Bowman and Fensham 1991). However, models used to analyse and predict effects 

of fire interval characteristically suppose a homogeneous stochastic process that 

applies everywhere in the landscape (Clark et al. 2002). This assumption has been 

tested by a number of studies. Groeneveld c/ al. (2002) identified the role of fire 

regime (interval and patchiness) as a key factor in mediating the coexistence of plant 

species. Russell-Smith et al. (2002) reported the minimum fire return intervals that 

were required for conserving tropical sandstone heath in north Australia. 

Specification of a particular fire interval model based on the fitting of distributions 

would have great utility in studies that use fire interval data to better understand the 

characteristics of fire regimes, because interval data provide insights on both direct 

(i.e., the time elapsed since the last fire) and indirect (i.e., the temporal accumulation 

of fuels) properties of fire regimes useful to land management agencies (Grissino-

Mayer 1999). Using dendrochronological data showing fire scars and palynological 

study on sediments (Clark 1989, Swetnam 1993, Burrows et al. 1995) is clearly useful 

for fire interval determination over long time frames, but they do not provide 

information for fire events that occur repeatedly within-years in many parts of the 

landscapes like those in tropical savanna landscapes. Among these methodologies, the 

Weibull distribution derived from dendrochronological-dated fire scars is a 

representative model for fire interval data in the Southwestern US (Grissino-Mayer 

1999). 
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McCarthy ci al. (2001) proposed models for fire interval distributions in 

ecological communities based on an understanding of the processes that influence the 

probability of fire, particularly emphasising changes in the amount and condition of 

the fuel. Actually, this focus on fuel load as an influence on the probability of fire in 

Australia has been referred to as 'flammability' or 'hazard' (more flammable and 

hazardous) in the literatures from other places in the world. These variables are 

functions that most often describe flammability versus time since the last fire. 

Consequently, they concluded that fire interval functions could be based on a 

biological understanding of ecosystems, because biological processes will strongly 

influence rates of fuel accumulation. 

Landscape age structure data have been used to estimate fire interval variables in 

boreal forest systems (van Wagner 1978, Johnson and Outsell 1994). Mirmich and 

Chou (1997) proposed that in southern California shrublands fire regimes are fuel-

dependent and strongly limited by the age and spatial pattern of fuels. However, even 

in the same region, the hypothesis that quantifying the relationship between fuel age 

structure and historical fire patterns clarifies the influence of the age-patch mosaic on 

fire behaviour has been questioned by other evidence (Paysen and Cohen 1990, 

Conard and Weise 1998, Moritz 2003). 

Characterising the relationship between fire regimes and the conservation of 

sandstone heath, Russell-Smith ci al. (2002) modelled fire intervals based on manual 

interpretation of fine-resolution remotely sensed data and two years of ground-truth 

assessment. They pointed out that these data may consistently under-estimate the area 

burnt in any one year, because of the difficulties of the interpretation of fire scars 

from imagery. However, they suggested that the fine-resolution, remote sensing 

approach for characterising fire interval data at the broad landscape scale using a 

temporal sequence of remote sensing data set, although novel in the savannas, can be 

effective. 

5.1.3. Spatial analysis of fire-affected habitat: landscape ecology approach 

Theoretically, the definition of a landscape has been maintained as 'a mosaic of 

heterogeneous landform, vegetation types and land uses' (Urban et al. 1987). 

However the definition through the literature is varied. More simply, Forman and 
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Godron (1981) referred to a landscape as being made up of'patches of communities 

or species assemblages in a matrix of dissimilar community structure'. According to 

Forman and Godron (1986), there are three important features that define the 

landscape, such as 

Landscape structure, the spatial framework of landscape elements and their 

spatial relationships (connectivity, size, shape, local diversity); 

Landscape function, the interaction between spatial elements within 

ecosystems (energy fluxes, material exchanges and species dispersal), and 

Landscape change, the alteration in structure and function of the ecological 

mosaic over time as well as the main process guiding that change. 

In the fire-affected habitats in the study area landscape, some vegetation 

components are driven by fires to be constantly in temporal and spatial flux. Fire even 

can be nominated as an important savanna process, which affects all three features of 

landscapes. Fire alters the underlying patchwork determined by the distribution of 

vegetation communities at a number of time scales. This structural alteration 

inevitably changes or determines landscape functions, including the utility for 

wildlife. Chuvieco (1999) developed mature approaches using remote sensing to 

better understand fire-affected landscapes at a large scale comparing with the field 

methods that are difficult to acquire a great deal and real-time data in a large area. He 

pointed out that remotely sensed images can provide critical information on all three 

components of the landscape as well as fire process in vegetation covers. 

In the literature, fire effects on landscape structure have been analysed and 

reported with field work that noted a decrease in landscape diversity as a result of 

forest fires, because fire favoured fire adapted species (Faraco et al. 1993). This 

increase in landscape homogeneity after fire has also been investigated with satellite 

remotely sensed images of grassland (Briggs and Nellis 1991). In contrast, Reinhardt 

and Ringleb (1990) presented results computed from TM imagery acquired before and 

ten months after a fire working out landscape diversity, dominance, fractal dimension 

and spatial contiguity. Effects of fires that occurred as an individual landscape event 

were distinctly different in different landscape types. 
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On the other hand, wildfires in tropical savanna landscapes contribute to 

landscape fluxes as a process occurring over large areas over a seven-month dry 

season each year, rather than an infrequent event causing profound structural change 

and as a consequence often treated as catastrophic. What is the role wildfire plays in 

savanna landscapes? A diversity facilitator or vice versa? There has been a lack of 

knowledge and research focusing on understanding of the effects of wildfire on the 

patterns and functions of the fire-affected landscape. In this chapter, by applying a 

landscape ecology perspective, spatial patterns of fire in different vegetation 

communities are used to analyse and inferred the effects of wildfires at the landscape-

scale in savanna habitats. 

5.1.3. 1. Fire-affected landscape health and ecosystem resilience 

Landscape is an assemblage that comprises both abiotic and biotic components. 

Moreover, relationships among all of the components are the basis by which the 

landscape persists and evolves. Because landscape is also a process that is changing 

constantly, fluctuations will occur as a result of natural disturbance. Pearson (1998) 

noted that a landscape is considered to be healthy as long as it can maintain function 

over time despite disturbance. Ecosystem resilience was also introduced as a concept 

to describe the capacity of ecosystems to recover from disturbance without changing 

to a different state (Holling 1996, Pearson 1998). Resilience is therefore a property of 

ecosystems that enable them to maintain the habitats (resources) needed by particular 

taxa (Pearson 1998). 

The savanna landscapes have long been the most fire prone ecosystems on Earth 

with a dominant biota not only tolerant of recurrent conflagration but also highly fire-

shaped in structure and distribution. Severely fire-affected landscapes have also been 

shaped by the breakdown of Aboriginal fire management following European 

settlement. It appears that Aboriginal landscape combustion created a 'brittle' 

landscape (Bowman 2003). When not maintained by Aboriginal burning, this 'brittle' 

landscape may show limited resilience and hence shift into different states. Declines 

in the abundance and range contraction of many plant and animal species, particularly 

small mammals and granivorous birds may be a product of this shift. Unfortunately, 

so far no literature can be found that permits detailed quantitative assessment of 

change in fire regimes over relevant periods that could inform this question. This 
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chapter tries to measure fire patterns quantitatively affecting vegetation fragmentation 

to understand the health of wildlife habitats. 

5.1.3.2. Landscape ecology 

Landscape ecology embraces (1) spatial heterogeneity and pattern; (2) how to 

characterise pattern; (3) how pattern develops and changes through time; and (4) its 

implications for populations, communities, and ecosystem processes. Pearson (1998) 

argued that the discipline of landscape ecology also should focus on where the spatial 

pattern comes from and why it matters. 

Pearson (1998) described landscape ecology approaches that are utilised 

differently depending on the part of the world where they are investigated. She 

reasoned that there are essentially two schools of thought out of which different 

approaches have evolved. She portrayed that the oldest approach is anchored in the 

European school, where typology, classification and concerns about the built 

environment are often emphasised. Unquestionably, the other approach is younger, 

but is described as the American school of thought. This school of thought has been 

around for about the last twenty years. This approach to landscape ecology is 

characterised by greater emphasis on natural systems and has adopted the use of 

modelling techniques for landscape analysis (Hinton 1996, Pearson 1998). 

Problems created by the split between European and North America approaches to 

landscape ecology required that efforts be made to 'bridge the gap' between the 

research of landscape ecologists worldwide (Farina 1993). European landscape 

ecologists were concentrating on combining socio-economic data into landscape 

systems, but their North American colleagues focused on the use of GIS, remote 

sensing, fractals, and neutral models to develop both spatial analysis models and 

relevant technologies (Johnston 1998, Pearson 1998). More substantial integration of 

the different approaches is needed to better apply landscape ecology to real world 

problems, such as fragmentation, disturbance regimes and habitat conservation. 

However, landscape ecologists have agreed on a number of underlying principles, 

despite absence of a common definition for landscape ecology. Pearson (1999) 

summarised these principles. They are (1) that landscape ecology is an 
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'interdisciplinary subject between, biology and geography' (Vink 1983); (2) that 

landscape ecology concentrates on the means by which landscape processes interact 

and seeks to improve understanding of human impact on the environment (Haines-

Young et al. 1993); and (3) that landscape ecology deals with the spatial arrangement 

of landscape features (Noss 1983). Bridgewater (1993) noted that understanding the 

structure and function of landscapes applied to the dynamics of spatial heterogeneity 

and the maintenance of biodiversity could be the main objective of landscape ecology. 

Some authors have also taken into account the influences of human activity over time 

(Pearson 1998). 

In Australian tropical savanna landscapes, fire-driven habitats experience an 

annual dynamic that generates a patchwork of fire scars of varying age across the 

seven-month dry season and the recovery of vegetation with the start of the wet 

season. Landscape ecology provides theoretical and technological approaches to 

describe and understand the implication of fire pattern for savanna habitat quality in 

the landscape. Furthermore, the integration of remote sensing data and GIS techniques 

in connection with landscape ecology principles has been shown to be a useful and 

reliable way of describing landscapes both spatially and temporally, particularly on 

vegetation structure or pattern in landscapes. Despite the potential utility, few studies 

focusing on the patchwork and pattern have been reported with analysis of landscape 

ecology parameters in fire-affected landscapes of north Australian savannas (Zhang et 

al. 2001, Pearson 2002). 

5.1.3.3. Landscape components 

Forman (1995) suggested three basic components that should be considered in 

landscape ecology: patch, matrix and corridor. A patch is defined as a non-linear area 

differing in appearance from its surrounding (Forman and Godron 1986). In the 

landscape, patches vary in size, shape, type, heterogeneity and boundary features. The 

matrix plays a prominent role in landscape functioning (McGarigal and Marks 1994). 

Forman and Godron (1986) suggested the definition of matrix as the extensive, 

relatively homogeneous landscape elements within which were embedded scattered 

distinct patches or corridors of different elements. Within the landscape the matrix 

provides for the flow of energy, material and species among patches. A corridor is 
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considered as the narrow strip of land on which cover differs from its surroundings 

and which often joins patches (Forman and Godron 1986). 

The internal structure within a patch at one scale reflects patchiness at finer 

scales and the presence of a mosaic, even though for analysis patches in the landscape 

are usually considered as discrete and internally homogeneous entities (Kotlier and 

Wiens 1990). Complex interaction among physical, biological and anthropogenic 

processes has shaped and is continuous to shape these patterns of patches in the 

landscape (Turner et at. 1991). 

5.1.3.4. Fire-afjècted landscape pattern and biodiversily 

A major feature in the tropical savanna ecosystem is fire-driven fragmentation of 

wildlife habitats. This habitat fragmentation is dynamic on a number of time scales 

and includes two perspectives on the appearance of fire-affected habitats. One is the 

dynamics of patchwork of fire scars, while the other is the fragmentation of unburned 

vegetation cover which is dynamically driven by recurrent fires. Vegetation 

patchwork is induced by fire and characteristics of the structure vegetation cover, 

while fire is driven by both landscape features and anthropogenic activities. 

For maintaining biodiversity, Karr and Roth (1971) stated that the more complex 

the habitat (the higher the structural heterogeneity) the more niches are presented and 

the greater the variability of species. The type and structure of vegetation determines 

aspects of the suitability of habitat patches, and then the landscape determines the 

potential species that can exploit a particular habitat patch. Species diversity therefore 

should be correlated with the habitat diversity in the landscape of vegetation type and 

structure. Altered fire regimes in tracts of native vegetation have resulted in changes 

in the patchwork of vegetation communities. Bowman (2003) pointed that these 

structural changes lead to decline in the abundance and range contraction of many 

wildlife species, especially small mammals and granivorous birds, in some case to the 

point of their extinction. 

5.1.4. Integration of remote sensing and GIS for environmental applications 

Hinton (1996) explained the increasing interest in combining use of remotely 

sensed images and GIS based datasets for environmental applications. He noted that 
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the number of publications with an 'integrated' label has been increasing rapidly and 

shown the many benefits to be gained from integration of these methods. Remote 

sensing can be broadly defined as measurement at a distance, but for most purposes it 

implies the imaging of the surface of the Earth from airborne or space-borne sensor, 

employing an appropriate part of the electromagnetic spectrum, A GIS is a much 

broader concept that defines a system for input, storage, manipulation, and output of 

geographically referenced data (Goodchild 1994). 

Originally, the integration of GIS and remote sensing was conducted inside the 

remote sensing community to describe either a link between an image analysis and a 

GIS or a more 'fully integrated' system (Faust et al. 1991, Star et al. 1991). It was 

developed as a special area of interest, in comparison to myriad other types of 

integration accomplished, ongoing, or anticipated in GIS, such as the integration of 

GIS and expert systems, GIS and mathematical models and GIS and spatial data 

analysis (Hartnett et al. 1993, Merchant 1994, Goodchild et al. 1992). 

Integrating satellite remote sensing and Geographic Information System (GIS) 

technologies provides effective tools by which large-scale landscape data collection, 

interpretation such as vegetation and fire mapping and their analysis in both temporal 

and spatial scales can be carried out (Johnston 1998). Image processing and GIS 

technologies take advantage of the spatial rectification of satellite imagery and are a 

part of achieving integration. Such rectification allows chronological sequences of 

images to be overlaid precisely to detect the dynamic behaviour of fires. Describing 

spatial and temporal patterning takes advantages of GIS technologies, especially 

vector-based data summaries and statistics. 

In northern Australia there have been a few studies of temporal sequences of 

satellite imagery on wildfire patterns (Russell-Smith et al. 1997, Russell-Smith et al. 

1998, Gill et al. 2000, Edwards, et al. 2001, Zhang et al. 2001). Most of them are 

based on visual interpretation and manual delineation of fire scars from remotely 

sensed data. So far, in savanna wildfire research, there has not been a study linked to 

finely-classified vegetation types for analysing relations between fire parameters and 

vegetation pattern at scales that could reasonably be related to ecology of savanna 

wildlife. 
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It is urgently required for wildlife researchers to clarify fire and hence resource 

dynamics in the vegetation types that are important habitats for endangered animals, 

such as granivorous avifauna. Fire scars and vegetation types mapped through 

common resolution imagery provide a coincident and georeferenced data set, by 

which the patterns of fire-affected habitats can be accurately interpreted. Unverified 

boundary accuracy and possible neglect of unburnt lands within large fire scars can 

decrease the reliability of mapping results, especially for high resolution imagery. 

Errors may accumulate as fire histories are built resulting in considerable doubt about 

the accuracy of fire dynamics at individual sites. In the present study, a novel 

methodology was developed to deal with this problem (Chapter 4). 

5.1.4.1. Historical applications integrating remote sensing and GIS 

There has been a very close linkage between GIS and remote sensing historically. 

Early work was carried out to improve methods for improving access to aerial 

photography of specific areas (Star et al. 1991). At that stage, as vector was the main 

data format available in GIS, data stored in a GIS needed to be converted into raster 

model so as to be integrated into the image processing chain. On the other hand, 

remote sensing data can be naturally integrated into a raster GIS since the two data 

structures are fundamentally similar. Along with the development of GIS technology, 

integration into a vector system from raster-based remote sensing data has been 

achieved. This data format exchange enables integration between remote sensing and 

GIS and enriches further analysis on the data acquired from the imagery. 

Hinton (1996) reviewed the benefits of integration to users of both GIS and 

remote sensing for environmental application and emphasised that the synergism 

between these two technologies is the major advantage of continuing to improve 

integration. GIS has been employed to enhance standard image processing functions, 

such as geometric and radiometric correction, image classification and other 

operations on the areas of interest. Registration and rectification procedures on remote 

sensed images often depend on GIS data, such as vector, point and area information 

and digital elevation models (Trotter and Dymond 1993). GIS data can help to read 

coordinates for standard image geometric corrections, and ground control points that 

can be used to register the image (Hartnall 1994). 
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5.1.4.2. Applications of integrating remote sensing data and GIS 

GIS methods for image processing 

GIS initially was integrated with remotely sensed data for image processing, such 

as geometric and radiometric correction, image classification and area of interest 

definition. In the present study, image classifications for vegetation and fire scar 

mapping have been integrated with GIS DEM data that helped to distinguish shadows, 

water bodies and other topographic features from vegetation groups and fire scars for 

training data and interpretation of existing classes. 

However, Hinton (1996) suggested a fully integrated system with remotely sensed 

data and GIS, in which the data must flow in both directions between the raster image 

and the vector data set. Originally, he advocated this functionality to remove 

classification errors from mixed-pixels at the polygon boundaries to optimise 

classification results. Also, generating image statistics within polygons needed to be 

simply operated in order to transfer those statistics to the GIS database as attributes of 

the polygons to simplify and enhance image classification. 

Analysing remotely sensed data within GIS 

Applications related to natural resources at large spatial scales have particularly 

required inexpensive, accurate, large scale and timely data sources, which remotely 

sensed data can potentially offer. In the last decade, an impediment to integration of 

remotely sensed data and GIS techniques, the majority of which were vector-based, 

was data conversion. Then, it had been suggested as feasible to develop fully 

operational procedures and the software platforms in both research and technology for 

the automated acquisition of GIS information from image data (Trotter 1991). 

5.2. Methods 

5.2.1. Vegetation fire and patchwork geostatistics using a GIS approach 

Raster-based mapping results for vegetation and fire history described in Chapter 

Three and Chapter Four were employed to create fire patterns maps in different 
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vegetation types and different period of time. Statistics were derived for fire patterns 

covering both spatial and temporal dynamics in vegetation subject to burning. 

Summaries of fire scars at different times and in different vegetation types over the 

twelve-year study period were converted to a vector data model. In order to build up 

the GIS of fire and habitat patterning, all analysis and statistical procedures 

implemented as above were carried out through ArcView GISTM  version 3.2a using its 

Spatial Analyst extension. In this study, the analysis was applied to the fire mapping 

derived from the remotely sensed data of 1999 in the set of twelve years fire maps, in 

which year fires were comparatively intensive. Areas of both burned fire scars and 

unburned vegetation patches were measured, numbered, tabulated and saved into a 

database table file, which was linked to the visualised vector data. I categorised fire 

scar patches and pre- and post-fire vegetation patches according to the extents of their 

areas. An individual tract of burned area is a fire patch, while an unburned tract is a 

vegetation patch. Patch density was measured by calculating the average number of 

patches in a given area. 

5.2.2. Vegetation fire interval analysis 

Raster-based binary layers, each of them representing fire distributions were 

interpreted from TM images. Methods used and fire mapping results are described in 

Chapter Four. A total of 18 fire maps was acquired in the period 1994-1999 with three 

maps each year in Early, Middle and late dry season being used. In order to 

characterise fire intervals occurring in different vegetation communities, a vegetation 

map in the study area previously derived from TM image was also used (Chapter 3). 

A composite data set with the vegetation map raster layer and 18 fire distribution 

binary map layers was constructed as an input file for fire interval extraction. 

The vegetation layer was arranged in the first of all layers, followed by the 18 fire 

map layers in temporal sequence. Because all layers are georeferenced in the same 

georeferencing system, overlapping ensures that each pixel in all layers can be 

compared with the one existing at the same coordinates in other layers. Therefore, 

pixels can be tracked to observe their changes in attributes in all fire map layers. In 

the sampling procedure, pixels are selected randomly in the first fire mapping layer 

from the early dry season of 1994. Then pixels in the same coordinates in the other 

layers are recorded when their raster value is '1' indicating that they were considered 
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as burned. Intervals are documented as one-third year if the raster value of pixels in 

the adjacent layer in the sequence is also '1'. This means that at this site the area of 

this pixel is found burned in consecutive periods, so that fire interval of this area is 

just one-third year. Hence, one-year fire interval occurs when burned pixel is found in 

the fourth layer, after the raster value '1' of the pixel with same coordinate is 

encountered. When more than two burning events are detected during the study 

period, an average fire interval needs to be calculated. 

In this study, the fire interval extraction described above was conducted in 

ENVI, a GIS program produced by the Institute of Environment Research, USA, 

through an IDL (Interactive Data Language) program (extract fireinterval.pro. see 

Appendix 1.). The program developed here allows the selection of a specified random 

number of selected pixels. The time interval between reads of a randomly selected 

pixel as burned was recorded. A number of ten thousand random pixels are 

automatically selected when the program is run. Intervals were averaged across 

different vegetation types using the vegetation map described in Chapter 3. 

5.3. Results 

5.3.1. Fire Patterns and Wildlife Habitat in FRC 

5.3.1.1. Fire incidence in difjèreni vegetation types over twelve years 1989-2000 

Over the twelve-year study period, 92.7% of vegetation cover had been burned at 

least once, with 28.8% being burned at least once in the early dry season, 8 1.3% at 

least once in the middle and 65.0% at least once in the late dry season (Table 5.01). In 

different vegetation types in the landscape, the vegetation type described as F. 

tetrodonta, E. miniata and E. dichromophloia woodland with Sorghum sp., 

Heteropogon triticeus and Sehima nervosum dominated grass layers (ETMW, see 

Chapter Three) is the most fire-prone community, such that 97.9% of the total 

vegetation cover in this community had been burned at least once during the twelve 

years. Furthermore, this vegetation type was also most fire-prone in the early and mid 

dry seasons with percentages burned at least once during these seasons of 42.8% and 

89.0% respectively. Even the least burned vegetation type at 88.5% (EMTW, E. 
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Table 5.01. Vegetation composite in the study area and the proportion of the each 
vegetation type burned at least once over the whole of the twelve years 1989-2000. 

The abbreviations are MF: Melaleuca forest, with bare areas; ELBW: Eucalyptus latfolia 

/E. bigalerita open woodland with areas of grassland; EPW: E. tecttfIca/E. tinhinans, 

with Erythrophleum chiorostachys woodland; EPW: Eucalypt us phoenicea /Eucalyptus 

spp. woodland; ETDW: E. iintinnans/E. dichromophloia woodland; EMTW: E. miniata 

/ E. tebrodonta woodland with Plectrachne pungens grassland; ETMW: E. tetrodonta, E. 

miniala and E. dichromophloia woodland 

Vegetation 
types 

% of area 
in study area 

% of burns 
in any season 

% of burns 
in early season 

% of burns 
in mid season 

% of burns 
in mid season 

MF 2.2 93.5 33.1 58.9 76.6 
ELBW 3.2 90.9 20.8 79.8 60.4 
ETTW 23.4 94.0 27.4 85.0 71.4 
EPW 36.9 94.0 29.5 84.3 64.6 
ETDW 5.6 88.5 23.2 79.2 49.1 
EMTW 19.9 87.6 25.0 71.0 61.3 
ETMW 9.0 97.9 42.8 89.0 67.3 
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Figure 5.01. Percentages of vegetation covers burned at least once over twelve years, 

1989-2000. 

Results are presented for each of the early, middle and late dry season. 

The abbreviations are MF: Melaleuca forest, with bare areas; ELBW: Eucalyptus latfolia 

/E. bigalerita open woodland with areas of grassland; EPW: E. tectijIca/E. lintinans, 

with Erythrophleum chlorostachys woodland; EPW: Eucalyptus phoenicea / Eucalyptus 

spp. woodland; ETDW: F. tinlinnans / E. dichromophloia woodland; EMTW: E. miniata 

/ E. tetrodonta woodland with Plectrachne pungens grassland; ETMW: E. tetrodonta, E. 

miniata and E. dichromophloia woodland 
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miniata / E. tetrodonta woodland with Plectrachne pun gens grassland) is still at a 

high level that represents only little more than 10% of the vegetation cover left 

unburned over the whole of the twelve year period (Figure 5.01). As this summarises 

total fire occurrences in each vegetation type, they show very similar patterns. 

5.3.1.2. Annual variation in proportion burned in each vegetation types 

There are three satellite images acquired in early, middle and late dry season 

each year in the years from 1994 to 1999, so that by overlaying the three fire maps, 

yearly variation the total area burned and the percentages of burned area in different 

vegetation communities can be monitored. Annually, an average 33.3% (n = 6, SD 

14.8) of the vegetation cover of all types in the study area was burned at least once, 

but proportions burned fluctuated very substantially from year to year (Figure 5.02, 

Table 5.02). This average was calculated from the cumulative proportions of area 

burned in each vegetation type in each year. Since different vegetation types occupy 

different proportions of total vegetation cover, means of proportion of each vegetation 

burned occupying total vegetation cover were also calculated as showed in Table 

5.02. For example, the vegetation community of Melaleuca forest which occupies just 

2.2% of total vegetation cover has all proportions burned in all burned vegetation area 

less than 1%. A total proportion of area burned was added with all burning proportion 

in every vegetation type. The amount of burning in 1994 is the highest (49.25%) 

among six-year data, while the following year 1995 is in the lowest (7.67%). The 

most influential on total figures is the community of Eucalyptus phoenicea / 

Eucalyptus spp. woodland with Sorghum stipoideum, Chrysopogon latifolius and 

Plectrachne pungens grass stratum (EPW) that occupies 36.9% of the total vegetation 

cover in the study area. E. tectijica / E. tintinans, with Erythrophleum chloroslachys 

woodland with tall grass understorey (ETTW) at 23.4% of the total area is another 

vegetation type that is much burned and hence influences the yearly burned 

percentage in the study area. For example, in 1995, those two types of vegetation 

cover were burned little, so that the annual burned rate for the area as a whole is the 

lowest among the six-year record. 

Despite the year-to-year variation, it is notable that substantial fire occurs in 

every year in all vegetation types. It is difficult to demonstrate from these broad 

summaries which vegetation type can be regarded as markedly more or less fire 
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Figure 5.02. Annual variation in percentages of different vegetation cover types 

burned at least once over the six years of the study for which images were available 

for all three periods in the dry season (early, middle and late). 

The bars represent the SD. 
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Table 5.02. Yearly variation in the proportion of each vegetation types burned at least once during the year specified. 

The column % one is the proportion burned in the specified vegetation types, while % two is the proportion burned in total vegetation cover but 

contributed by the specific vegetation type. Total vegetation burned in this table indicates the proportion of vegetation burned in whole vegetation cover 

in the specific year. 

Vegetation %ofarea 1994 1995 1996 1997 1998 1999 iviean u 

types in study area % one % two % one % two % one % two % one % two % one % two % one % two % one % one 

19.47 0.43 17.64 0.39 21.73 0.48 25.64 0.56 40.32 0.89 68.35 1.50 32.19 19.49 
MF 2.2 

ELBW 3.2 39.29 1.26 13.94 0.45 26.33 0.84 34.43 1.10 33.71 1.08 42.22 1.35 31.65 10.24 

ETTW 23.4 52.96 12.39 9.94 2.33 33.93 7.94 43.28 10.13 39.95 9.35 42.95 10.5 37.17 14.70 

EPW 36.9 51.73 19.09 4.84 1.79 25.15 9.28 42.51 15.69 34.97 12.90 39.49 14.57 33.12 16.38 

ETDW 5.6 36.69 2.05 3.49 0.20 16.13 0.90 34.51 1.93 24.56 1.38 29.75 1.67 24.19 12.55 

EMTW 19.9 37.64 7.49 7.92 1.58 21.50 4.28 33.49 6.66 28.52 5.68 48.66 9.68 29.62 14.00 

ETMW 9.0 72.65 6.54 10.57 0.95 22.68 2.04 32.79 2.95 47.81 4.30 41.90 3.77 38.07 21.57 

Mean 44.35 9.76 23.92 35.24 35.69 44.76 32.29 13.41 

SD 16.72 4.95 5.49 6.05 7.81 11.85 

Total 100.0 49.25 7.67 25.76 39.03 35.57 42.6 
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prone. Other measures employing different fire patterning parameters were used to 

explore question of variation in fire proneness of different vegetation types. 

5.3.1.3. Seasonal fire patterns 

The extent of burning in different seasons is an important issue for understanding 

fire behaviour in savanna landscapes and for considering the implications for wildlife. 

The average proportions of each vegetation types burned in the three seasons over the 

period of 1994-1999 are illustrated in Table 5.03 and Figure 5.03. Communities 

ETMW and ETTW can be identified with their prominent high proportion of burning 

in all of the seasons: early (6.8% and 5.1%), mid (23.8% and 20.1%) and late (14.0% 

and 17.3%) dry season. It should be mentioned that vegetation type ETTW, important 

nesting habitat of granivorous birds, is relatively high in the level of burning through 

all segments of the dry season. 

5.3.1.4. Wildfire patterns of the vegetation on a monthly basis 

There was some variation in the timing of images within the three seasonal 

periods. It is also possible to extract and analyse fire patterns from the images on 

monthly basis, because as described in Chapter Four the fire mapping method applied 

in this study had eliminated the overlaps of fire scars between two consecutive images 

and remain fresh fire scars clarified in three weeks using experiment data. The 

fluctuation of monthly burned rates that are simply proportions of total area burned 

also shapes as two lows in both ends and one high in the middle with a peak rate in 

August (19.5%) during the seven month dry season (Figure 5.04, Figure 5.05). 

Vegetation types of ETMW and ETTW are among the most burned as a proportion of 

their total areas across the seven-month dry season, but actually occupy a relatively 

small proportion of the total vegetation cover. The percentage of ETMW burned is 

reduced from September to be in the second after an August culmination that has 

consumed a big extent of available fuel in this community, while burned rate of 

ETTW increases as this vegetation type covers a relatively bigger area. In average, 

ETMW demonstrates the most fire-prone, but three low burned rate communities have 

their distinct geological characteristics that ETDW and EMTW distribute on granite 

or other rocky outcrops while MF on creek banks or floodplain. These features all can 

be limitative for fire contagion in the region. 
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Figure 5.03. Mean percentages of vegetation cover burned annually by season and 

vegetation type over the period 1994-1999. 

The bars represent the SD. 
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Table 5.03. Annual average proportion of each vegetation type burned during the 

period 1994-1999. 

Vegetation 

Types 

Early 

Mean SD 

Middle 

Mean SD 

Late 

Mean SD 

MF 5.11 5.90 9.32 7.32 11.52 9.31 

ELBS 2.90 3.48 18.46 5.55 11.95 7.88 

ETTW 5.11 4.48 20.11 6.56 17.32 12.74 

EPW 4.90 4.57 19.59 7.95 13.87 13.97 

ETDW 3.75 3.81 14.66 7.26 10.23 10.92 

EMTW 4.02 4.38 15.02 5.23 12.85 9.17 

ETMW 6.95 6.76 23.85 10.65 14.03 12.78 

Total 3.66 4.00 18.98 6.57 14.13 11,73 
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Figure 5.04. Annual average of burned percentages of different vegetation communities in April, May, June and July across 

the whole of the study period. 

The bars represent the SD. 

- 142 - 



40 - 

August 
V Q 30 
L. 

20 7  

10 

[,] 

40 - 
Septenter 

30 - 

20 

1:- 

40 
Average 

V 
0, 

0, 

'4- 
0 

EflW EN EIV BW Efl 

40 -i 

October 
30 

20 

10 

FvF ELBW 

-10 

30 

20 

10 

MF 

Chapter 5 Fire patterns in relation to vegetation types 

Figure 5.05. Annual average of burned percentages of different vegetation communities in August, September, October and averages 

across the whole of the study period. The bars represent the SD. 
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5.3.2. Fire intervals in the vegetation communities 

--Total pixels recorded Jr fire interval 

A total of 10 000 sampling pixels were selected in the 6 year subset (1994-1999) 

to run the IDL program that allows a user-chosen number of pixels to be randomly 

sampled, by which fire intervals occurring in the data set were extracted. There were 

21 sampling pixels that did not belong to any corresponding vegetation communities. 

They intersected features such as water-bodies, or may have been mis-recorded 

because of some errors in image processing procedures. However, these pixels 

occupy 0.2 1% of the total sampling pixels, so that their effect is obviously limited. 

Fire frequency is another form of interval that can be counted as the reciprocal of 

interval. Table 5.04 shows burning frequencies counted by the program and which 

pixels in all seven vegetation categories were burned. The biggest number of pixels 

from the vegetation category, E. phoenicea / Eucalyptus spp. Woodland (EPW) was 

sampled followed by pixels in the vegetation category, E. tectUlca / E. tintinans, with 

Erythrophleum chioroslachys woodland (ETTW). Respectively these two categories 

of vegetation communities occupy 36.7% and 23.3% of land covers (see Chapter 

Three) in the study area, so that more pixels were randomly selected. 

--Times recorded as burning in selected pixels 

Only two pixels were categorised as burned twelve times during the six-year 

sampling time, which belong to vegetation categories ETTW and EPW. However, it 

should be noted that the maximum possible frequency is 18 across the sampling time. 

Around 35% of pixels (3482, 34.9%) were never burned or burned once, which could 

be traced back to the vegetation communities they belong to. Only 3.7% of total 

sampling pixels were recorded as burning six to twelve times, a smaller combined 

percentage than the group comprised of pixels burned five times. Even though it 

occupies a small percentage, repeat burning were unusual but of interest. Totally 103 

pixels were record burned seven times, which had repeat burning in some year, but 

with this method the year with repeat burning could not be recorded. There could be 

other reasons that resulted in more than 6 time recording, such as errors in 

interpretation for instance. 

- 144 - 



Chapter 5 Fire patterns in relation to vegetation types 

Table 5.04. Fire frequency in 10 000 sampled pixels in different vegetation 

community units (numbers of pixels and percentages). 

Times Number of Vegetation Community Units 

of Burning Unidentified MF ELBW ETTW EPW ETDW EMTW ETMW Total 

0 7 11 46224 423 119 356 47 1233 

1 3 67 75 453 851 160 501 149 2259 

2 6 55 78 551 893 141 510 226 2460 

3 4 32 49 497 712 83 333 230 1940 

4 1 21 23 305 394 33 163 135 1075 

5 0 9 17 164 208 13 83 82 576 

6 0 3 7 72 130 7 32 39 290 

7 0 1 2 39 38 3 13 7 103 

8 0 0 0 14 18 0 3 2 37 

9 0 0 0 5 6 0 2 1 14 

10 0 0 0 3 2 0 1 I 7 

11 0 0 0 1 3 0 0 0 4 

12 0 0 0 1 1 0 0 0 2 

Total 21 199 297 2329 3679 559 1997 919 10000 

Times % of Vegetation Community Units 

of Burning Unidentified MF ELBW ETTW EPW ETDW EMTW ETMW Mean 

0 33.3 5.5 15.5 9611.5 21.3 17.8 5.1 12.3 

1 14.3 33.7 25.3 19.5 23.1 28.6 25.1 16.2 24.5 

2 28.6 27.6 26.3 23.7 24.3 25.2 25.5 24.6 25.3 

3 19.1 16.1 16.5 21.3 19.4 14.9 16.7 25.0 18.6 

4 4.8 10.6 7.7 13.1 10.7 5.9 8.2 14.7 10.1 

5 0.0 4.5 5.7 7.0 5.7 2.3 4.2 8.9 5.5 

6 0.0 1.5 2.4 3.1 3.5 1.3 1.6 4.2 2.5 

7 0.0 0.5 0.7 1.7 1.0 0.5 0.7 0.8 0.8 

8 0.0 0.0 0.0 0.6 0.5 0.0 0.2 0.2 0.2 

9 0.0 0.0 0.0 0.2 0.2 0.0 0.1 0.1 0.1 

10 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.1 

11 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 

12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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Fire interval extraction required a pixel to be recorded as burning at least twice 

among the eighteen fire-mapping layers to determine time interval between two times 

of burning. For the pixels which are recorded being never burned or burned once, the 

interval can be interpreted as more than six years. The total percentage of these more 

than six year interval pixels is 36.8%. So in the study site 36.8% of the total area has a 

fire interval of more than six years. 

--Calculation ofjIre intervals 

A total of 6497 pixels are selected from all randomly picked samples to extract 

fire intervals, which can be traced back to the vegetation communities they belong to 

and are found to be burned more than once. Mean fire intervals in the seven categories 

of vegetation communities are shown in Table 5.05. The total average of fire interval 

in all of 6497 tested pixels as a whole is 1.84 year (SD=l.10), but this result is biased 

as a big amount of pixels burned less than one were not considered. Because nearly 

one-third pixels were not calculated for the average interval, most of them were 

unburned or burned once so that time length between two burned records could not be 

traced. However, intervals calculated for different vegetation communities can be 

compared and are of interest (Table 5.05). Intervals in different vegetation types 

appear numeric variation with the longest one in vegetation category E. tetrodonta, E. 

miniata and E. dichromophloia woodland with Sorghum sp., Heteropogon triticeus 

and Sehima nervosum dominated grass layers (1.97) and the shortest in Melaleuca 

forest with bare areas (1.69). An analysis of Variation (ANOVA) test was carried out 

to test whether this variation is significant. Variations of extracted fire interval across 

the seven vegetation communities was significant (F66490  = 2.792, P <0.05). A Post-

hoc Tukey test was conducted to analyse pairwise variations between different 

vegetation types. Only vegetation type ETMW and ETTW (P < 0.01) and ETMW and 

EPW (P < 0.05) are shown to be significant different. In Table 5.05, by counting fire 

frequencies in each random selected pixel and then calculating fire interval, average 

fire intervals considering no burned and burned once have resulted. All intervals in 

different vegetation types are longer than those extracted directly from selected pixels. 

Because of different areas vegetation communities occupy, interval values varied 

from the first method. 
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5.3.3. Patchwork patterns of savanna wildfire 

Conversion of fire scar mapping from raster-based GIS to vector data structure 

enables additional analysis of the fire patchwork pattern. Vector data structure is 

preferable if the entities being depicted are inherently discrete and have distinct but 

complicated boundaries (Johnston 1998). Patch analysis can characterise the savanna 

fire behaviour and then enrich consideration of the implications for habitat 

management for savanna fauna. Total patch numbers, percentages of area occupied by 

different patch types, community areas, mean patch area and patch densities of the 

vegetation types pre- and post- fire in three periods of the dry season are illustrated on 

Table 5.06. Patch density discussed in this paper is measured according to the number 

of patches in one square kilometre. 

The community of ETDW, foraging habitats of some granivorous avifaunal 

species, such as the Gouldian Finch is the patchiest (made up of many very small 

patches) landscape in the study area, and keeps this fragmentation status through 

whole fire season. The granivorous species breeding area (EPW) appears least 

fragmented with lower patch density and large patch size. But Melaleuca forest 

replaces EPW to be the least fragmented habitat in the late dry season after fire scars 

are taken into account. 

Changes in patch number, average patch area, patch density and their increasing 

percentages are summarised in Table 5.07. According to the total increase in patch 

number, the middle dry season can be identified when fire produces the greatest 

fragmentation of prior habitat structure. 

E. phoenicea dominated woodland is among the least fragmented of habitat types 

in the study site and retains relatively larger unburned patches through the fire season. 

Maintaining that status may be important for this habitat that provides important food 

resources and favoured nesting sites for granivorous birds. 

Pre-fire vegetation patches were categorised into four groups: (1) less than 1.1 

ha; (2) 1.1 to 10 ha; (3) 10.1 to 100 ha; and (4) large than 100 ha (Figure 5.07). 
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Table 5.05. Mean fire intervals in different vegetation community types extracted from burned pixels and calculated from frequency 

data. 

Pixels that were never burned or burned once are not included in the random sampling pixels analysed in the total of 6497, but the results are 

biased, as calculation for fire intervals of the pixels burned less than once could not be feasible in a specified period of study. Except 21 pixels 

that can not be traced to any vegetation types, the rest of 9979 pixels were calculated for their frequencies that are numbers of times those pixels 

showed burned and hence calculated their fire intervals through frequencies. The second analysis for fire interval included pixels that were 

burned just once or not burned any time. 

Vegetation type No. of extracted pixels Average interval S.D. No. of calculated pixels Average frequency Average interval 

MF 121 1.6948 0.9376 199 3.4028 2.1457 

ELBW 176 1.9370 1.1055 297 2.8472 2.0572 

ETTW 1652 1.7962 0.9838 2329 2.6369 2.5766 

EPW 2405 1.8290 1.1522 3679 2.7820 2.3716 

ETDW 280 1.8473 1.1517 559 2.9046 1.7012 

EMTW 1140 1.8648 1.1333 1997 2.8009 1.9639 

ETMW 723 1.9679 1.0915 919 2.5905 2.7845 

Total mean 6497 1.8436 1.0973 9979 2.8521 2.2287 
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Table 5.06. Patch patterns in pre- and post- fire periods in different vegetation 

communities. 

Pre- patch patterns represents vegetation patchiness unburned in the beginning of dry season. 
Post- patch patterns in the end of three terms in the dry season represent vegetation patchiness in 
the end of these periods after burning. 

Vegetation No. of % of total area Total area Average of Density of 
types patches unburned (km2) patch area (km2) patch per km2  

Pre-fire 
MF 1215 2.15 98.76 0.081 12.3 

ELBW 2759 3.15 144.41 0.052 19.1 
ETTW 12742 23.35 1071.30 0.084 11.9 

EPW 12824 36.86 1690.93 0.132 7.6 
ETDW 11245 5.59 256.29 0.023 43.9 
EMTW 28801 19.86 911.34 0.032 31.6 
ETMW 3454 9.04 414.92 0.120 8.3 

Total 73040 100.00 4587.95 0.063 15.9 

Post-fire in early dry season 
MF 1535 2.03 81.05 0.053 18.9 

ELBW 2909 3.32 132.72 0.045 21.9 
ETTW 17222 23.11 924.84 0.054 18.6 
EPW 20658 37.06 1483.29 0.072 13.9 

ETDW 11429 5.69 227.82 0.020 50.2 
EMTW 31052 19.58 783.70 0.025 39.6 
ETMW 5121 9.21 368.56 0.072 13.9 
Total 89926 100.00 4001.98 0.045 22.5 

Post-fire in middle dry season 
MF 1751 2.30 68.96 0.039 25.4 

ELBW 4089 3.45 103.20 0.025 39.6 
ETTW 27691 23.06 689.97 0.025 40.1 
EPW 40772 36.47 1091.07 0.027 37.4 

ETDW 12604 6.07 181.68 0.014 69.4 
EMTW 37322 19.40 580.32 0.016 64.3 
ETMW 9985 9.24 276.51 0.028 36.1 
Total 134214 100.00 2991.70 0.022 44.9 

Post-fIre in late dry season 
ME 2421 1.17 30.37 0.013 79.7 

ELBW 4404 3.17 82.47 0.019 53.4 
ETTW 29750 23.22 604.09 0.020 49.2 
EPW 43310 38.87 1010.96 0.023 42.8 

ETDW 12435 6.85 178.21 0.014 69.8 
EMTW 40377 17.57 457.06 0.011 88.3 
ETMW 11318 9.15 237.89 0.021 47.6 

Total 144015 100.00 2601.06 0.018 55.4 
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Table 5.07. Changes of vegetation patch number, average patch area and patch density. 

All areas measured in this table are indicated with measure unit km2. The changes shown against Early compare with the 

configuration of the vegetation patches before any fire. The Middle figures compare unburned vegetation patch configurations with the 

situation in the Early period. 

Vegetation 
types 

Change of 
patch no. 

% of added 
patch no. 

Change of ave. 
patch area 

% of added 
ave. patch area 

Change of 
patch density 

% of added 
patch density 

Early 
MF 320 26.3 -0.029 -35.04 6.6 53.95 

ELBW 150 5.4 -0.007 -12.83 2.8 14.72 

ETTW 4480 35.2 -0.030 -36.12 6.7 56.56 

EPW 7834 61.1 -0.060 -45.55 6.3 83.64 

ETDW 184 1.6 -0.003 -12.54 6.3 14.34 

EMTW 2251 7.8 -0.006 -20.24 8.0 25.37 

ETMW 1667 48.3 -0.048 -40.09 5.6 66.91 

Total 16886 23.1 -0.018 -29.15 6.6 41.14 

Middle 
MF 216 14.1 -0.013 -25.42 6.5 34.08 

ELBW 1180 40.6 -0.020 -44.68 17.7 80.76 

ETTW 10469 60.8 -0.029 -53.60 21.5 115.52 

EPW 20114 97.4 -0.045 -62.73 23.4 168.32 

ETDW 1175 10.3 -0.006 -27.69 19.2 38.29 

EMTW 6270 20.2 -0.010 -38.39 24.7 62.32 

ETMW 4864 95.0 -0.044 -61.52 22.2 159.88 

Total 44288 49.2 -0.022 -49.91 22.4 99.65 
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Late 
MF 670 38.3 -0.027 -68.15 54.3 213.96 
ELBW 315 7.7 -0.007 -25.80 13.8 34.78 
ETTW 2059 7.4 -0.005 -18.51 9.1 22.71 
EPW 2538 6.2 -0.003 -12.77 5.5 14.64 
ETDW -169 -1.3 -0.000 -0.57 0.4 0.57 
EMTW 3055 8.2 -0.004 -27.20 24.0 37.36 
ETMW 1333 13.4 -0.007 -24.10 11.5 31.75 
Total 9801 7.3 -0.004 -18.97 10.5 23.42 
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Vegetation types of MF and ETMW have relatively fewer of the smaller patches (< 

10 ha). In all other vegetation communities patches less than I ha are the most 

common size category. MF and ETMW comprise a relatively small proportion of the 

whole vegetation cover, but their underlying distribution can be characterised as a 

relatively small number of relatively large patches (Figure 5.06). 

First of all, I use this patch size classification to explore the patchwork of 

resource distribution potentially created by fire, so as to depict fire scar patchiness 

that reflects the fragmentation of fire itself rather than habitat segments. Figure 5.07 

illustrates varieties in the sizes of fire scars in different vegetation types in the early, 

middle and late dry season. An important feature of this summary is the substantial 

number of patches smaller than 1 ha. Vegetation types MF and ETMW that pre-fire 

showed big proportions of large patches were affected by many small fires less than 1 

ha in area. However, these two types only occupy small parts in the study area 

compared with the other communities. 

Trend analysis shows that in the four groups of fire scar patch proportions post-

fire are linearly correlated with those in fire-free vegetation (Figure 5.08 and Figure 

5.09). That suggests that the fragmentation of certain vegetation cover before fires 

strongly influences the possible patchwork situation fire may be able to create. Along 

with patch number increase of pre-fire unburned vegetation in all of seven vegetation 

types, trend lines of group one of small patches in three periods (<0.1 ha, in a of 

Figure 5.08,) are not increasing with the increase of the percentages in vegetation 

cover, difTerent from the other three groups (b, c, d). However, the group one of fire 

scar size (<1.0 ha) occupies main part of fire scars. Fire appears to exaggerate pre-

existing patterns of fragmentation rather than creating entirely new configurations of 

patches. 

Besides fire scar patchwork, the most relevant fragmentation feature that may 

reflect important features of habitat patchiness is post-fire vegetation patchiness. 

Figure 5.10 illustrates the variation in the proportion of the patch number percentages 

in all three periods of the dry season and in seven vegetation types. In the early dry 

season fire, proportions of small size patches in vegetation type MF, ELBW and 

ETMW are comparatively lower than those in the communities which occupy larger 
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Figure 5.08. Relationships between percentages of fire scar patches of a given 

size prior to fire and percentages of fire scar patches of that size after fire in each 

of subdivisions of dry season (early, middle and late). 

This figure shows the given two groups of patches with sizes less than 10 ha. 

Correlation analyses were carried out in the two types of patch size in three periods of 

the dry season. In the patch size of< 1.0 ha, early R = 0.9681, middle R = 0.9893, and 

late R = 0.8964, and in the patch size of 1.1 - 10.1 ha, early R = 0.9698, middle R = 

0.9924, and late R = 0.9066 (all P < 0.005). 
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Figure 5.09. Relationships between percentages of fire scar patches of a given 

size prior to fire and percentages of fire scar patches of that size after fire in each 

of subdivisions of dry season (early, middle and late). 

This figure shows the given two groups of patches with sizes larger than 10.1 ha. 

Correlation analyses were carried out in the two types of patch size in three periods of 

the dry season. In the patch size of< 10.1 - 100.0 ha, early R = 0.8690, middle R = 

0.9289, and late R = 0.8637, and in the patch size of< 100.1 ha, early R = 0.9673, 

middle R = 0.9092, and late R = 0.8388 (all P < 0.05). 
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Figure 5.11. Relationships between percentages of vegetation patches of a given 

size prior to fire and percentages of vegetation patches of that size after fire in 

each of subdivisions of dry season (early, middle and late). 

This figure shows the given two groups of patches with sizes less than 10.0 ha. 

Correlation analyses were carried out in the two types of patch size in three periods of 

the dry season. In the patch size of< 1.0 ha, early R = 0.9672, middle R = 0.7860, and 

late R = 0.5103, and in the patch size of 1.1 - 10.1 ha, early R = 0.9665, middle R = 

0.8015, and late R = 0.5634 (all P < 0.05 except two R in late dry season). 
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Figure 5.12. Relationships between percentages of vegetation patches of a given 

size prior to fire and percentages of vegetation patches of that size after fire in 

each of subdivisions of dry season (early, middle and late). 

This figure shows the given two groups of patches with sizes larger than 10.1 ha. 

Correlation analyses were carried out in the two types of patch size in three periods of 

the dry season. In the patch size of< 10.1 - 100.0 ha, early R = 0.9728, middle R = 

0.7345, and late R = 0.2480, and in the patch size of< 100.1 ha, early R = 0.9506, 

middle R = 0.7677, and late R = 0.7549 (all P <0.05 except the patch size of< 10.1 - 

100.0 ha in middle and late dry season). 
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areas. Proportions of small patches increase until the late dry season when small 

patches occupy a high proportion in all vegetation patches in all of the seven 

communities. In the four groups of patch sizes vegetation patch proportions in the 

three periods of fire season are positively linearly correlated with those in fire-free 

vegetation. However, the early dry season fire causes the most substantial change in 

patchiness across all patch size classes (Figure 5.11 and Figure 5.12). It is obvious 

that in the late dry season, patch size proportion changes from pre-fire vegetation are 

not determinant for the proportions of vegetation patches smaller than 100 ha and 

nearly all vegetation patches, except for the group four (>100.1 ha) trend line that has 

a little tilt, look nearly horizontal. This can be understood that fire-induced vegetation 

fragmentation process experiences a balance when all of the vegetation types have 

been so segmented that fire contagion is limited, because large continuous areas were 

burned rather than being highly patchy. 

5.4. Discussion and Conclusion 

5.4.1. Fire patterns in FRC in varied temporal scales 

Digital image processing with manual boundary demarcation may offer a more 

reliable method than conventional spectral classification and visual identification to 

enhance mapping accuracy, not only for natural boundaries but also for mapping of 

internal unburnt areas, particularly if the fire scars are large. In a study of fire spread 

in homogeneous habitat in the Australian Great Victoria Desert, Haydon et al. (1999) 

found that quite large areas within the external perimeter of large fire scars remained 

unburnt. This feature of unburnt area inside large fire scars can be common in 

wildiand fire mapping, even in some homogeneous habitats. Interpretations that 

overlook these internal areas, particularly in some visual method studies, inevitably 

achieve comparatively lower mapping accuracy. 

Despite this, focusing on fire patterns and seasonality studies carried out in 

contiguous regions, especially in Kakadu National Park (KNP, Russell-Smith et al. 

1997), Litchfield and Nitmiluk National Parks (LNP and NNP, Edwards et al. 2001), 

fire in the study area exhibits a lower annual average 32.3% of the area that had been 
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burned over the 6-year duration from 1994 to 1999. An average of 46% of KNP. 50% 

of LNP and 40% of NNP were found to be burned each year in the study period. 

However, a general management goal for Kakadu National Park and other Parks in 

the Northern Territory is the prevention of high intensity, late dry season fires, 

generally via early dry season fuel reduction burning (Kakadu Board of Management 

1996; Parks and Wildlife Commission of the Northern Territory 1997). This may 

explain why the total percentage of burnt is higher than the Fergusson River region. 

Consequently, the annual average proportion of the landscape burned can not in itself 

provide a meaningful index of regional fire impacts. Other variables, such as temporal 

and spatial distribution of fire intensity, dramatic annual changes in proportion of area 

burned, and other aspects of fire regimes that determines fire effects on habitats and 

fauna both directly and indirectly should be considered. For regional fauna 

assemblages, it has been indicated that different fire intensity and regimes caused 

distinct responses of vertebrate richness (Braithwaite 1987, Woinarski 1990, Griffiths 

and Christian 1996). Further, the standard deviation of the average proportion of area 

burned in the six-year data in this study is high, ranging from 9.8% (1995) to 44.8% 

(1999), so that the annual average may not capture important features of the fire 

regime in the region. 

Long term data applied with more accurate mapping methodologies would give 

additional information about the annual fire cycle in savanna habitats. In the present 

study, the fire inventory of more than 88% of the vegetation covers in different 

communities being burned at least once over twelve years demonstrates the regional 

fire management, rarely results in complete exclusion of fire. 

The pronounced feature of fire seasonality in the study area is the high burning 

rate in the mid dry season, which is distinct from those studies reported in the 

contiguous National Parks (Russell-Smith et at. 1997; Edwards et at. 2001), although 

this may in part be due to differences in categorising early and late dry season 

burning. The split of middle dry season in partitioning dry season has changed this 

important feature of savanna dry season fires. Study of the bird communities 

(Woinarski 1990) in the same habitats in Eucalyptus woodland demonstrated that fire 

from June to August affects the responses of avian fauna more prominently than fires 

occurring in other months. High levels of mid dry season fire maybe influence the 
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regional status of some granivorous birds. This inference will be examined in more 

detail in subsequent chapters. 

Previous fire studies also found substantial variation in the extent and seasonality 

of burning by different landscape units (floodplains, lowlands and plateau), but from a 

wildlife management perspective, the extent and seasonality differences between 

vegetation communities (as distinct from broad landscape units) is an important step 

towards enhanced understanding of the influence of savanna fire on habitat quality. 

Identifying fire-prone vegetation types may help us to realise trends in fire 

distribution and to better formulate wildlife management plans based on likely effects 

on resource availability. 

5.4.2. Vegetation patterns and fire patterns and their interaction 

Tropical savanna is a complex ecosystem that supports diverse wildlife in a 

dynamic mosaic of landscape patches that provide resources of different types and at 

variable densities through the year. Determining the fire management strategies that 

will maintain such a fauna is problematic, made more so by the lack of information on 

prevailing fire patterns. For example, tight fire control builds up fuels in such a fire 

prone landscape, inevitably results in subsequent high intensity fire, causing even 

deeply buried seeds to be burnt, reducing woody stem survival and increasing canopy 

death (Williams et at. 1999). On the other hand, high frequency fire changes the 

floristics of the ground layer (Russell-Smith el al. 2003) and hence seed available to 

granivorous birds. Consequently, a managed fire regime that generates patchy fuels 

and habitat could favour seed eating birds by maintaining the range of resources they 

require including woody plants for nest sites. The Fergusson River Catchment is an 

area that is contiguous to national parks with low intensity land use intended to 

protect fauna. Its fire regimes have differed from those parks and it is instructive to 

describe the Fergusson River dynamics in detail because it is a site which has retained 

important components of the granivorous fauna (Woinarski 1990, Dostine el at. 

2001). 

Fire patchiness research with respect to community-level vegetation patterns 

using remotely sensed data, especially vector-based GIS is hardly reported. Of the 

advantages that a GIS approach facilitates in study of patch dynamics, including 
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defining patch boundaries, measurement of area and the summaries of configuration, 

vector GIS permits both broad-scale and detailed understanding on fire-induced 

fragmentation of vegetation in both temporal and spatial scales. In a study conducted 

in African and Amazonian tropics using broad resolution satellite imagery, Eva and 

Lambin (2000) also addressed the same result that fires play different roles within the 

different components of landscape mosaics and at different times of the land-cover 

change trajectory. Different vegetation components exhibit varied degrees of 

fragmentation in the fire season. 

In contrast with the landscape features in the homogeneous ground cover where 

Haydon et at. (2000) studied the spatial configuration of the post-fire patchwork in the 

vegetation community dominated by porcupine grass or spinifex in central Australia, 

savanna grassland is sparsely distributed with Eucalyptus woody species. However, at 

some level wildfires should perform the same role in initiating successional cycles 

and maintaining vegetative structural and taxonomic heterogeneity within ecosystem, 

thereby facilitating coexistence of diverse fauna (Fraser 2003). Savanna habitat 

experiences a frequent fragmenting process caused by bushfire that varies in details of 

its timing and extent in each year, resulting in a complex mosaic of areas of different 

post-fire age that develop different vegetation associations and resource availability 

for wildlife including granivores. It is in acuteness of fire-driven change and the time 

scales over which recovery occurs, together with at least partial 'resetting' of the 

system by the wet season rains that the savanna situation differs from the temperate, 

clearly recognisable successional systems. The shifts in resource availability are no 

less important for being decoupled from acute structural change. Accordingly, mixed 

fire management in the study area with different land use types in northern Australian 

savanna poses challenges for long-term management to optimise this fragmentation 

for landscape heterogeneity and associated biodiversity. 

5.4.3. Fire interval 

The methodology I developed in the present study to extract fire-interval from 

existing fire mapping data is novel. However, geographic rectification for each 

Landsat TM image used for mapping is crucial. Any rectification error would result in 

mis-reading of burning pixel in the data set. 
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In their savanna fire pattern study, Gill et al. (2000) found that the proportions of 

areas burned, recorded at different times since last fire, decrease as the times in years 

increases. In their data collected in Kakadu National Park, a period of six years for the 

observed and modelled data was considered reasonable. They found that the expected 

proportion of the study area having been burned seven years after fire was only about 

1%. In the present study, I found 12.3% of sampled pixels were not burned during the 

six-years observing period. It is also evident that a comparatively large proportion of 

the study area had not been burned at all in six years. Compared with Kakadu 

National Park, fire in the study area where an average of 3 3.3% of the land cover was 

burned during the period of 1994 to 1999 suggests spatial concentration and temporal 

diversity of fire activity. Some areas maybe experience long fire-free periods, while 

other areas are subject to frequent combustions that will be analysed and discussed in 

the following chapters. This may be due to an interaction of the geological features 

that influence fuel availability and combustibility with prevailing fire management 

and conservation practice. 

The results reported by Russell-Smith et al. (1997) indicate that the average fire 

frequency is three times out of five years in the lowland savannas of Kakadu National 

Park, which is quite similar to the FRC study area. This can be roughly converted to a 

fire interval of 1.67 years, slightly shorter than the result shown in this study that has 

2.8 times out of 6 year or 2.2 years interval (Table 5.05) considering pixels unburned 

or burned once in the study period. The automatic extraction method of fire intervals 

applied in this study undoubtedly is time-saving and accurate, especially as it is 

designed to extract fire intervals in different vegetation communities. Also, this 

approach will be easy to apply in further studies of fire interval at various scales, 

provided corresponding landscape mapping data is available at an appropriate 

resolution and scale. 

Fire interval extraction in the present study indicates that there is a wide variety 

of the percentages of extracted pixels with zero burns in different vegetation types 

(Table 5.04). This percentage in vegetation type E. tintinnans /E. dichromophloia 

woodland with rock outcrops intermixed with tall grasses (ETDW) is even four times 

higher than Melaleuca forest, with bare areas (MF) and E. tetrodonta, E. miniata and 

E. dichromophloia woodland with Sorghum sp., Heteropogon triticeus and Sehima 
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nervosum dominated grass layers (ETMW). That suggests that in ETDW distributing 

in rock outcrops a higher percentage of pixels were not burned during the six year 

study period than in riverine distributed MF and Sorghum dominated understorey 

vegetation community ETMW, indicating lower fire proneness in ETDW vegetation 

community. It is noticeable that these three communities occupy small percentages of 

total vegetation cover (MF 2.16%, ETDW 5.67% and ETMW 9.05%). 

Fire intervals in different vegetation types are similar as are averages of area 

burned, but changes after burning in patch sizes and patchiness are different among 

vegetation types, indicating the differences of vegetation types in accessibility, fuel 

flammability and landform situation. 

Published data also indicate that in the Arnhem Plateau region, 76% of eucalypt 

woodland and open forest had been burned by fires recurring within the 5 years 

regarded as the minimum fire interval needed to maintain the unique sandstone 

vegetation types, which include many endemic obligate seeder species (Russell-Smith 

et al. 2002). Comparatively, 65.1% of the study area in the present study with 

identical vegetation cover types had been burned by fires recurring within 6 years 

(Table 5.04, 6 508 out of 10 000 random selected pixels). A possible reason for this 

lower rate within a relatively longer observing period could be due to topographic 

protection from fire provided by large area of bare or sparsely vegetated sandstone 

pavements. 

5.4.4. Management implications 

Detrimental fire regimes contributed to the extinction of two of the three bird 

species, and three of the four subspecies which have disappeared from Australia since 

European colonisation. Inappropriate fire management is now a factor in the 

threatened status of at leat 51 nationally recognised threatened bird taxa (second in 

importance only to habitat clearance and fragmentation, which threatens 52 taxa). In 

many environments (notably heaths and mallee), inappropriate fire regime is the main 

threat to most declining bird species (Garnett 1992). 

Wiens (1989) summarised evidence that seasonal changes in habitat structure 

and food abundance potentially influence the species richness of birds in most 
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terrestrial environments. Through its effects on plant fecundity and ovule 

development, fire can be a major impact on seed production (Setterfield 1997). Seed 

spread seems less important than the distribution of the vegetation community that 

includes the grass species important for granivorous birds. Dean and Milton (2001) 

showed that there was no overall correlation between relative seed abundance and 

numbers and biomass of both nomadic and resident granivores. They concluded from 

their study in semi-arid Africa that the richness of birds in any site is not only 

influenced by the variable level of the local resource, but also by conditions 

elsewhere. Therefore, maintaining habitat structure, including species composition 

and patchiness over large areas, should be the main goal for the conservation of 

savanna avifauna. Historical fire regimes that have proven beneficial for some species 

of the declined granivorous birds in other regions should be described like what have 

done in the present study and if appropriate, restored. 

Andersen el at. (1998) reviewed the savanna fire research on hypotheses that fire 

has an important influence on resource availability for animals, through its effects on 

the phenological behaviour of plants. However, Bowman et at. (1988) has shown that 

varying fire regimes do not result in dramatic floristic or structural differences in 

savanna vegetation. Russell-Smith et at. (1997) have suggested from a landscape 

scale perspective that the ideal fire regime for the conservation of suites of faunal 

species with different requirements is one where there is a mosaic of patches 

representative of a range of fire histories. There is no doubt that the current fire 

regimes of Fergusson River Catchment (FRC) is highly heterogenous. The size of fire 

scars is on average small, although large areas may also be burned from time to time. 

Fire in all seasons produces complex mosaics of burned and unburned vegetation at 

scales which appear likely to be matched to the needs of some species (Fraser 2000, 

Fraser et at. 2003). Fraser (2000) found that Partridge Pigeons preferred to feed in 

recently burned areas and at patches with an exposed ground layer. Their small home 

range matches and favours the fire created patchiness in the savanna landscapes. 

However, if remains unclear whether the particular configuration of fire use and 

incidence is in the process of change, and whether the continued presence of some 

rare species reflects a layer in impacts of changing fire regimes. Thus this study 

provides an important baseline to inform and promote for assessment of future 
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management regimes. Other features of the prevailing regime which may permit 

additional inference about its suitability will be explored further in the next chapter. 

5.4.5. Future research 

Long-term fire inventory is needed to enrich the knowledge of fire and 

vegetation dynamics. In order to model changes of favoured habitat of granivorous 

avifauna in the region (Gamett 1992), this dynamic process should take into account 

influences on floristics by seasonal burning in grass species. Finer resolution remotely 

sensed data could be used for a large-scale solution. Further research also needs to 

focus on year-to-year variation in dynamics of the burned/unburned mosaic to reveal 

fragmentation effects on bird populations over relevant temporal scales more clearly. 

Field validation of interpretations of imagery is also desirable. 

5.4.6. Conclusion 

Employing vegetation spatial data and spatio-temporal fire mapping data, a 

comprehensive analysis of fire patterns in savanna habitats is shown to afford 

powerful insights on temporal fire extent in different vegetation communities, patch 

dynamics and fire interval. Not only is a GIS-based fire analysis methodology that 

combines layers of vegetation and fire mapping data provided, but also a novel fire 

interval extraction method depending on IDL program automatically implemented on 

the common GIS and image processing and analysing platform. GIS techniques have 

offered a reliable (fire mapping reliability has been shown in Chapter Four) and 

powerful method to map and analyse fire-affected habitats, including granivorous bird 

habitat. The demonstrable utility of this methodology can be applied for other 

significant conservation properties in fire-affected savanna region to optimise 

management strategy and inform better conservation practice. 
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Chapter Six -- SPATIAL ANALYSIS: LANDSCAPE ECOLOGY FOR 

QUANTIFYING FIRE-AFFECTED PATTERNS RELEVANT TO 

HABITAT QUALITY 

6.1. Introduction 

Landscape pattern is a mixture of natural and man-made patches of different 

elements of the landscape that vary in size, shape, and arrangement. Pattern derives from 

complex interactions of physical, biological, and anthropogenic effects (Forman and 

Godron 1986, Turner 1990). On the other hand, landscape pattern may influence a variety 

of ecological processes (Hulshoff 1995). Understanding and quantifying changes in the 

pattern of landscapes is therefore important for effective conservation and management 

practice. Hulshoff (1995) suggested that there were three ways to conduct this 

quantification: (1) describing changes in landscape pattern in words; (2) using maps and 

other related graphics; and (3) numerical indices. Landscape indices have been developed 

to provide the means to statistically characterise pattern and to compare patterns in 

different spatial and temporal features of landscapes (O'Neill etal. 1988). 

An important underlying notion in wildlife habitat studies is that the spatial 

configuration or structure of landscape patches influences ecological features, such as 

vertebrate population viability. Landscape structure refers to spatial relationships among 

patches. McGarigal and Marks (1994) indicated that both landscape configuration and 

composition can be employed to characterise landscape structure. While landscape 

configuration is the physical distribution and spatial features of the patches within a 

landscape mosaic, landscape composition relates to the abundance and variety of patch 

types. The consequences of landscape fragmentation can be evident by analysing changes 
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in landscape structure. Landscape fragmentation may be characterised by both a decrease 

in total amount of suitable habitat and a change in the spatial characteristics and 

configuration of remaining patches of favourable habitat (Forman 1995, Hansen ct al. 

2001). 

A comprehensive set of landscape indices or metrics has been developed for 

quantifying landscape structure at the patch level of analysis (Johnsson 1995. Haines-

Young and Chopping 1996). Landscape indices have been successfully applied to a wide 

variety of situations including the measurement of environment changes induced by 

animal activity (Townsend and Butler 1996, Hansen el al. 2001), landscape patterns 

caused by logging clearance (Ripple ci al. 1991), landscape change in rural and urban 

settings (Diaz 1996), and desertification resulting from human activity (Li ci al. 2001). 

6.1.1. Measuring landscape structure 

I have shown, in previous chapters, the extent of landscape fire in Australian tropical 

savannas during the seven-month dry season. I have also argued that these fires have the 

potential to greatly influence the distribution and abundance of key resources for wildlife 

(Chapter One). Although the impact has never been clearly determined, it has been argued 

that these changes have resulted in fire too frequent and too extensive to maintain some 

species such as the granivorous birds, and to maintain biodiversity more generally 

(Franklin 1998, 1999, Russell-Smith ci al. 2000, Pearson 2001, Price ci al. 2003). This 

study constitutes the first attempt in the north Australian savannas to interpret fire pattern 

in terms of their potential impacts on habitat quality in both the temporal and spatial 

dimensions. 

The utility of landscape indices has been investigated since the late 1980s   by a 

number of researchers (e.g. Turner ci al. 1989, Turner 1990, Cullinan and Thomas 1992. 

Haines-Young and Chopping 1996, Chuvieco 1999, Li ci al. 2001). In the first period of 

the development of landscape indices, just three measures: dominance, contagion and 

shape were explored (e.g. O'Neill ci al. 1988, Turner ci al. 1989). With the development 
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of computer programming, the program SPAN (spatial analysis) was presented to derive a 

much wider range of measures, including patch size and perimeter, patch type proportion, 

patch perimeter fractal dimension, simple edge contrast and patch type adjacency apart 

from the three previous measures. This FORTRAN program, SPAN has been hardly used 

recently, but FRAGSTATS Version 2 (McGarigal and Marks 1994) by Forest Science 

Department, Oregon State University, has become broadly utilised. 

These landscape metrics and indices can be also categorised into areal, lineal and 

topological measures according to different spatial scales of investigation. Measures of 

landscape or patch size, shape and interior or core area are classified as area/indices, 

while measures of boundary length, width and shape at the patch level along with 

connectivity and circuitry (perimeter) at the landscape level are categorised as linear 

indices. In addition, topological indices are used for measures of the spatial relationships 

between landscape elements such as dispersion in an area, spatial association between 

areas, interspersion of areas, isolation and connectivity. 

For practical purposes Haines-Young and Chopping (1995) suggested a 

classification of landscape metrics. Their categories are as follows: 

• area 

• edge 

• shape 

• core area 

• nearest-neighbour 

• diversity 

• contagion and interspersion 

Table 6.01 shows broad definitions of selected landscape indices and their 

descriptions, which have been applied in a large number of studies. Generally the indices 
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are employed to quantify landscape structure in terms of landscape configuration and 

landscape composition. This quantification of landscape structure can be used either to 

make inferences about the operation of particular ecological processes within the 

landscape or to evaluate the conservation values of particular landscape structures 

(Haines-Young and Chopping 996). For the first objective, a range of indices measuring 

patch size, edge length and patch configuration have been used to explore the effects of 

imposing management on specific landscapes. On the other hand, the analysis of 

conservation value of vegetation patches and effects of fragmentation can also be 

conducted through using a range of landscape indices. These simple measures provide 

rough but robust indicators that are 'likely to be as useful as anything else as measures of 

how landscapes differ in these respects' (Baalman and Kirby 1995). 

6.1.2. Important aspects of landscape indices use 

Previous studies suggest some overlapping methodological issues affecting their 

application and interpretation. Haines-Young and Chopping (1996) discussed these 

aspects in their review of the application of landscape indices to forested landscapes, but 

their treatment is also helpful for other landscape types. Their comprehensive analyses 

include seven attributes of indicators, including uniqueness, index sensitivity, index 

selection for the particular study and redundancy of indices that delineate the same 

landscape feature, edges, non-spatial statistical effects, such as the effects of quantisation 

levels, and scale. 

Some studies suggest that a landscape index that did not differentiate two apparently 

dissimilar patches might be thought as being unsatisfactory in a practical context, but 

from the descriptive or interpretative perspective the assumption that the two patches 

were structurally equivalent might be useful (Musick and Grover 1991, Haines-Young 

and Chopping 1996). No single landscape index can unambiguously distinguish all 

shapes, so that the problem of uniqueness of landscape indices can be dealt with by 
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Table 6.01 Broad definition and description of selected indices. 
This table includes nine groups of selected indices from current literature (Haines-Young and 
Chopping 1995, Diaz 1996, Riitter et al. 1995, Li et al. 2001), which were tested in different 
landscapes. 

Index Index definition and description 

1. Area metrics 

Total landscape area Total area of landscape (defined as total area minus background) 

Largest patch index Percentage of landscape accounted for by largest patch 

No. of Patches Number of disjunct patches in the landscape 

Patch density Number of patches per 100 ha 

Mean patch size Average patch size 

Patch size SD Patch size standard deviation (absolute variability) 

Patch size CV Patch size SD in terms of average patch size (relative) 

Permeability Area of unsuitable patches (for transmission) divided by total 
area 

Dominance Extent to which one/a few patch types dominate a landscape 
(from information theory) 

Edge metrics 

Total edge Total length of all edges; may or may not include landscape 
boundary 

Edge density Length of edge per hectare 

Contrast-weighted ED Length of edge per hectare, weighted by edge contrast weights 

Total edge contrast Sum of edge lengths, multiplied by contrast weight, divided by 

index total edge x  100 
Mean edge contrast Sum of patch edge segments x  contrast weight/total patch 

index perimeter/number of patches x  100 
Area-weighted MECI Sum of (sum of patch edge segments x  contrast weight/total 

patch perimeter x  patch area/landscape area) 

Isolation % edge adjoining similar patch types 

Shape metrics 

Landscape shape Ratio of sum of edge lengths to total area (measured against 

index square or circle standard) 
Mean shape index Sum of patch perimeter/square root of patch area, adjusted by 

constant/number of patches 
Area-weighted MSI Sum of patch perimeter/square root of patch area, adjusted by 

constant x  patch area/total area 
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2 x  log fractal Departure of landscape mosaic from Euclidean geometry (how 
dimension plane-filling shape is) 
Mean patch fractal Mean fractal dimension for all patches 
dimension 
Area-weighted mean Mean fractal dimension adjusted for proportion of total area 
patch FD 
Elongation Diagonal of smallest enclosing box divided by average main 

skeleton width 
Deformity Sum of (main skeleton length/skeleton depth) / (area x  number 

of skeleton pieces) 

-I. Core area metrics 

Total core area Area of interior habitat, defined by specified edge buffer width 

Number of core area Number of core areas (may be more or less than number of 
patches) 

Core area density Number of core areas per 100 ha 

Mean core per patch Average amount of core area per patch 

Core area SDI Standard deviation of core area per patch (absolute variability) 

Core area CD1 Standard deviation of core area per patch in terms of the average 
(relative) 

Mean area per Average core area when number of core areas is denominator 
disjunct core (rather than number of patches) 
Disjunct CASD Disjunct equivalent of core area SDI 

Disjunct CACV Disjunct equivalent of core area CVI 

Total core area index Percentage of landscape which is interior habitat (core) 

Mean core area index Average percentage of a patch which is core area 

Nearest-neighbour metrics 

Mean nearest- Average distance to nearest patch of same patch type 
neighbour distance 
NN standard Standard deviation of mean nearest-neighbour distance (absolute 
deviation variability) 
NN coefficient of Standard deviation in terms of mean nearest-neighbour distance 
variation (relative variability) 
Mean proximity index Average proximity of patches to similar patches within specified 

distance 

Diversity, richness and evenness metrics 

Shannon's diversity Richness and evenness index based on information theory 
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index 
Simpson's diversity Sum of the proportional abundance of patch type; probability 
index that two patches are similar 
Modified Simpson's Simpson's diversity index modified to belong to information- 
diversity theory class 
Patch richness Number of patch types in the landscape 

Patch richness density Number of patch types in the landscape per hectare 

Relative patch Patch richness as % of maximum potential patch richness (user 
richness defined) 
Shannon's evenness Observed Simpson's diversity divided by maximum value for the 

number of patch types 
Simpson's evenness Observed Shannon's diversity divided by maximum value for the 

number of patch types 
Modified Simpson's Observed Shannon's diversity divided by maximum value for the 
evenness number of number of patch types 

7. Interspersion/juxtaposition, contagion and configuration metrics 

Interspersion / Observed interspersion divided by maximum interspersion for 
juxtaposition the number of patches types 
Interspersion 2 Number of stand attribute changes in adjacent stands/total 

number of adjacent stands 
Contagion index Observed contagion divided by maximum contagion for number 

of patch types (cell based) 
Dispersion Degree of fragmentation/complexity of patch boundaries, based 

on nearest-neighbour 
Association Concentration of spatially distributed attribute variable, based on 

specific focal distance 

Connectivity and circuity 

Connectivity Network model; number of links in net over maximum possible 
number of links 

Circuitry Network model; number of circuits in net over maximum 
possible number of circuits 

Spatial autocorrelation 

Spatial Patch type spatial correlation; patch type distribution 
autocorrelation (concentrated, dispersed, random) 
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depending on an understanding of the relationships between the index and the underlying 

set of ecological or environmental processes. For example, in a fire patchiness study, a 

good understanding would be built on landscape indices depending on enough general 

knowledge of areal fire patterns. 

In addition, the general sensitivity of indices to changing patterns is not well 

understood. Some studies indicated that there is not an index that properly reflected the 

changing geographic locations of patches so that they were of limited value in the study 

of landscape dynamics. 

Since there has been a large number of landscape indices developed and tested, the 

choice of which measures to use can be overwhelming. Even though this choice always 

depends on the background of the particular study, there are many redundant and 

duplicated indices available. A good example is the study done by Riitters et al. (1995), 

who chose a set of landscape metrics for monitoring landscape condition in terms of 

pattern and structure. They found that an initial set of 55 metrics calculated for 85 maps 

of land use and cover in the USA could be reduced to 26 and the first six metrics 

extracted reflected 87% of the total variation. The interpretation of these metrics was 

determined by examining the loadings indicated by Principal Components Analyses to 

evaluate which metrics were most highly correlated with each factor, instead of directly 

represented by the metrics. 

The definition of edge becomes more problematic when the landscape is represented 

as a continuum of the amount or intensity of some value rather than an aggregation of 

sharply bounded units (patches). The implications of related studies indicated that many 

landscape indices can be applied only if it is assumed that the landscape can be 

represented adequately by discrete units. Musick and Grover (199 1 ) suggested that when 

edges dividing discrete patches are not well defined or a continuous data model is 

employed, deriving measures of landscape pattern and determining which model best fits 
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the data based on statistical approaches to analyse continuous data in terms of gradients is 

still feasible. 

The effects of choice of boundary are important, because it is evident that the 

selection of an appropriate boundary within landscapes determines levels of heterogeneity 

and so affects indices of many types (Haines-Young and Chopping 1996). 

It has been largely considered in the literature that the nature of the pattern detected 

in a landscape is dependent on scale. Parameters and processes differ when delimited at 

various scales (McGarigal and Marks 1994). Turner (1990) suggested that parameters and 

processes are scale-based changing their importance at different scales and information is 

often lost at coarser scales of resolution. Many studies had focused on the development of 

methods to preserve information across scales or to quantify the loss of information with 

changes of scale (Turner 1990). In the present study, I used the same data set derived 

from Landsat TM images to explore landscape metrics. Consistent spatial resolution 

images ensured the consistency in calculation of metrics and avoided loss of information. 

Hansen et at. (2001) indicated that a set of selected metrics may be useful in 

interpretation of landscape change but must be carefully chosen in different layers, which 

can include patches of primary interest and the background matrix. No single landscape 

metric captures all features of fragmented landscapes (Davidson 1998). It has been a 

common approach in landscape fragmentation studies to calculate a suite of metrics to 

capture a range of fragmentation landscape changes. 

Metrics applied to analyse forest fragmentation, where boundaries are usually 

unambiguous at the class or patch type level, usually consist of Number of Patches, Mean 

Patch Size, Patch Shape, Edge Density/Total Edge Distance, Mean Core Area, Patch 

Density, Fractal Dimension, Interpatch Distance, and Interspersion and Juxtaposition (e.g. 

Zheng ci at. 1997, Frohn 1998, Sachs et at. 1998, Hansen et at. 2001). For example, 

Hietala-Koivu (1999) used a set of landscape indices to characterise the change in 
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structure during a period of 39 years in an agricultural landscape. His set of indices 

included Landscape Percentage (percentage of agriculture land types), Mean Patch Size, 

Patch Density, Mean Shape Index and Total Edge Length. In terms of the topological 

property of a landscape, Li et al. (2001) conducted analysis on landscape structure and 

change in a semi-arid landscape using Total Landscape Area, Large Patch Index, Number 

of Patches, Mean Patch Size, Area-Weighted Mean Shape Index, Area-Weighted Mean 

Patch Fractal Dimension, Mean Nearest-Neighbour Distance, Mean Proximity Index, 

Patch Richness, Shannon's Diversity Index, Shannon's Evenness Index, Interspersion and 

Juxtaposition Index and Contagion Index. They chose this set of indices to explore as 

many as aspects of patchiness as would contribute to characterisation of the regional 

landscapes, such as the desert-oasis-river landscape pattern, simple composition, high 

contrast of heterogeneous landscape mosaics, and dependence on water sources. 

In order to select more informative landscape indices among the large number of 

available indices, Deutschewitz ci at. (2003) conducted a Principal Components Analysis 

(PCA) to reduce the number of landscape indices and to minimise correlation effects 

between indices in their research on native and alien plant species richness. PCA reduced 

29 indices to eight principal components (PCs) that explained 80% of variance. For 

different objectives of landscape analysis and different types of landscapes, many 

different sets of landscape indices could be used to quantify landscape structures. There is 

no simple recipe to satisfy the range of questions that may arise in regard to landscape 

structures and functions. 

No similar metrics-based research had been conducted in fire-affected savanna 

landscape, except for the investigation by Zhang et at. (2001), which analysed landscape 

structure changes during one dry season, by examining temporal changes in a set of 

metrics in northern Australian tropical savannas. The indices they applied included 

Percentage of Area Burned, Number of Patches, Mean Patch Size, Edge Density, Mean 

Shape Index, and Mean Patch Fractal Dimension. They suggested that this set of proven 
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metrics would best capture the changes in patch composition and configuration as a result 

of fire-induced fragmentation occurring in the northern Australia landscape. 

As wildlife habitats, effects of wildfire on vegetation cover and utilisation of 

vegetation by wildlife during the dry season have been of interest to savanna ecologists 

(e.g. Dostine et al. 2001). However, quantifying the fragmentation of habitat structure and 

components using landscape metrics in tropical savanna landscapes has not been seen in 

the literature. In this study, I calculated landscape indices at two different levels, which 

included indices across vegetation as a whole in the study area and indices in different 

vegetation community covers. I then use these indices to draw important inferences about 

potential relationships between fire patterns and habitat quality. 

6.2. Methods 

All metrics derived in this study were calculated over 27 fire maps (see Chapter 

Four) through an ArcView extension, Patch Analyst (Elkie et al. 1999), which consists of 

a number of scripts written in Avenue and C code. Two versions of Patch Analyst are 

available, including a vector version and a vector and grid version. In this study, temporal 

digital fire maps with vegetation properties were derived from image data with discrete 

pixels, so the vector and grid version of Patch Analyst was used to derive landscape 

metrics. In this version, the FRAGSTATS Spatial Pattern Analysis program (McGarigal 

and Marks 1994) is applied. Because vegetation and fire mapping results as input data for 

running in Patch Analyst are raster data model, the ArcView Spatial Analyst extension 

was also used in this study for deriving grid-based metrics. 

In the present study, to characterise the dynamics of the landscape structure in the 

study area, I selected Percentage of Area Burned and a set of landscape indices that 

includes Number of Patches, Mean Patch Size, Patch Size Standard Deviation, Total 

Edge, Edge Density, Mean Shape Index and Area-Weighted Mean Shape Index. The 
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definition and description of these indices are given in Table 6.01. Patch feature indices 

directly reflect the quantification and interpretation of simple areal characteristics of the 

landscape, while indices that measure edge features, describe the character of interior 

habitat and nearest-neighbour relationships. Shape feature indices quantify changes in 

morphology. 

Correlation analyses were carried out between all calculated indices and percentage 

of area burned. Correlations between proportion of area burned and some of indices 

including number of patches, mean patch size and edge density were also analysed. 

Calculation of selected indices and correlation analyses were undertaken in two 

levels that are for both patches of fire scars and fire-driven vegetation patches. 

6.3. Results 

6.3.1. Landscape indices for fire patches 

Landscape components are evaluated in terms of different standards to characterise 

landscape function. Fire scars create a patchy landscape in Australian tropical savannas 

that experience 'fragmentation' of some of their attributes across the seven-month dry 

season. From this point of view, vegetation cover and other land cover types can be 

categorised as a background that has been structured by annual combustion. Landscape 

indices selected were calculated from all of the fire-maps across the whole of the study 

period and tabulated in Table 6.02. 

The correlation between the landscape index NumP (number of patches) and 

proportion of area burned in the whole study site is significant (r = 0.5850, n=27,p = 

0.0014). Increase in the area of land burned tends to be associated with more fire patches 
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Table 6.02. Landscape indices of fire patches over the study area in 1989-2000. 
The abbreviations in this table are: NumP, Number of Patches; MPS, Mean Patch Size; PSSD, Patch Size Standard Deviation; TE, 

Total Edge; ED, Edge Density; MSI, Mean Shape Index; AWMSI, Area-Weighted Mean Shape Index. 

Time %of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 13.71 7392 8.59 157.19 14678580 31.73 1.36 22.01 

Sep. 1989 16.17 7081 10.59 270.68 12440400 26.90 1.34 21.77 

Apr. 1990 1.32 816 7.50 78.51 887300 1.92 1.32 6.20 

Aug. 1990 14.63 8522 7.96 256.48 15937200 34.46 1.35 35.50 

Aug. 1991 27.16 18626 6.76 532.54 25602660 55.35 1.31 62.38 

Jul. 1992 17.11 13800 5.74 189.48 21740580 47.00 1.34 35.94 

Apr. 1993 1.71 1320 6.04 70.13 1561620 3.38 1.33 8.83 

Aug. 1993 14.00 10560 6.14 273.38 16169160 34.96 1.36 40.96 

Apr. 1994 3.49 1032 15.68 211.84 2182260 4.72 1.39 12.00 

Aug. 1994 22.00 12076 8.44 332.06 20352900 44.00 1.34 30.55 

Oct. 1994 26.53 10209 12.05 531.10 18914100 40.89 1.29 41.65 

Apr. 1995 1.26 1315 4.43 32.64 1519140 3.28 1.40 6.11 

Jun. 1995 6.00 4530 6.14 134.44 4915500 10.63 1.33 10.24 

Oct. 1995 0.89 1733 2.38 27.97 1444740 3.12 1.34 9.08 

Apr. 1996 6.34 2548 11.55 176.14 3662940 7.92 1.29 9.35 

Jul. 1996 14.84 7826 8.79 212.63 17255340 37.31 1.36 32.24 

Oct. 1996 7.33 22664 1.50 25.42 15077940 32.60 1.33 10.82 
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Apr. 1997 1.62 602 12.46 151.04 1028820 2.22 1.41 7.63 

Jul. 1997 25.95 9051 13.29 461.86 17986020 38.88 1.35 29.46 

Sep. 1997 29.02 9877 7.13 232.65 13993140 30.25 1.41 20.27 

May1998 1.03 4202 11.38 212.14 8594100 18.58 1.39 19.54 

Jun. 1998 26.48 8481 14.46 667.03 14219100 30.74 1.36 27.05 

Sep. 1998 4.83 1574 14.23 198.32 2774760 6.00 1.39 9.49 

May 1999 12.53 8808 4.31 113.44 9062100 19.59 1.34 17.55 

Aug. 1999 24.05 38002 2.93 140.61 33344150 72.09 1.36 28.76 

Oct. 1999 12.65 5169 7.96 373.92 7455800 16.12 1.29 42.73 

Jun.2000 21.87 9981 10.16 550.35 8461600 18.29 1.20 20.75 

Mean 13.13 8437 8.47 244.96 11528220 24.92 1.34 22.92 

SD 9.63 8049 3.82 172.96 8543544 18.47 0.04 14.17 
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Figure 6.01. Scattergrams and trend lines of main landscape indices and 

proportion of area burned. 

The measure unit of Mean Patch Size is pixel (30 x 30 m2) while the measure unit of 

Edge Density is rn/ha. 
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Table 6.03. All selected landscape indices fire scars in the site as a whole and in 
different vegetation cover, and their correlations by proportions of area burned 
in that vegetation category. 

In the brackets beside the different vegetation codes, an F indicates fire scars while a V 
indicates unburned vegetation patches. Seven vegetation communities are shown but the three 
landscape indices are selected in each vegetation type. Acronyms for vegetation lypes are the 
same with those in Chapter Three. 

Vegetation Landscape index Correlations to % of area burned 

category R p 

NumP 8437 0.5850 0.0014 

MPS 8.47 0.0984 0.6255 

Fire patchwork PSSD 244.96 0.7404 0.0000 

in the site as a TE 11528220 0.7921 0.0000 

whole ED 24.92 0.7921 0.0000 

MSI 1.34 0.2414 0.2251 

AWMSI 22.92 0.7108 0.0000 

NumP 355 0.5464 0.0032 

MF(F) MPS 3.18 0.3809 0.0500 

ED 0.64 0.4622 0.0152 

NumP 955 0.7872 0.0000 

ELBW(F) MPS 1.88 0.3621 0.0634 

ED 1.35 0.9098 0.0000 

NumP 4869 07389 0.0000 

ETTW (F) MPS 3.76 0.0962 0.6332 

ED 10.19 0.9073 0.0000 

NumP 6966 0.7286 0.0000 

EPW (F) MPS 3.21 0.5379 0.0038 

ED 14.53 0.9113 0.0000 

NumP 2708 0.7534 0.0000 

ETDW (F) MPS 0.99 0.5430 0.0034 

ED 2.79 0.8133 0.0000 

NumP 6221 0.7790 0.0000 

EMTW (F) MPS 1.79 0.1953 0.3291 

E D 8.64 0.8686 0.0000 
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0.0000 NumP 2012 0.8154 

ETMW (F) MPS 3.30 0.4923 0.0090 

ED 3.91 0.9424 0.0000 

NumP 10443 0.7943 0.0000 

MPS 166.51 0.6975 0.0000 

Vegetation PSSD 6688.77 0.7808 0.0000 

patchwork TE 11767534 0.7917 0.0000 

in the site as a ED 25.44 0.7917 0.0000 

whole MSI 1.25 0.4038 0.0367 

AWMSI 30.79 0.7324 0.0000 

NumP 1304 0.2337 0.2406 

MF (V) MPS 6.77 0.7949 0.0000 

ED 3.20 0.3983 0.0396 

NumP 2595 0.4897 0.0095 

ELBW (V) MPS 4.08 0.7009 0.0000 

ED 5.31 0.1518 0.4497 

NumP 11532 0.7238 0.0000 

ETTW (V) MPS 8.32 0.8236 0.0000 

ED 32.26 0.1769 0.3774 

NumP 12022 0.7608 0.0000 

EPW (V) MPS 14.33 0.7303 0.0000 

ED 44.73 0.3187 0.1052 

NumP 7920 0.0248 0.9022 

ETDW (V) MPS 2.84 0.5070 0.0070 

ED 12.38 0.2326 0.2429 

NumP 17060 0.3611 0.0642 

EMTW(V) MPS 4.50 0.5883 0.0012 

ED 35.15 0.0341 0.8659 

NumP 4656 0.7050 0.0000 

ETMW (V) MPS 7.83 0.7835 0.0000 

ED 11.74 0.0790 0.6952 
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but patch size seems to be comparatively constant. The weak correlation (r = 0.0984, n = 

= 0.6255) between proportion of area burned and patch size is consistent with this 

relative constancy of mean patch size, hence likely indicates that larger areas are burned 

when there are more ignitions (separate fires) (Figure 6.01). All correlation coefficients of 

proportion of area burned and selected landscape metrics in fire patchwork are shown in 

Table 6.03. The number of fire patches in individual images ranges from 602 in April of 

1997 to 38002 in August of 1999, while the proportion of area burned stretches between 

1.62% and 29.03%. This pattern also occurs in edge metrics, but not in the relation 

between mean patch size and proportion of area burned. Amongst all 27 fire maps, the 

maximum proportion of area burned appears in September 1997 in the late dry season 

when the fire had created 9877 fire scar patches, which is not the biggest number of 

patches that fire created in this study. Among these landscape indices, correlation 

between edge metrics, such as total edge and edge density, and proportion of area burned 

in the study area are prominently significant (r = 0.7921, n = 27,p =0.0000; r = 0.79 19, n 

= 27, p = 0.0000). Edge density reflects the total edge length in a unit area, so that high 

edge density refers more uneven boundaries in fire scars when an area is defined. Fire 

patches tend to have more uneven-boundaries along with increasing of area burned. 

Higher edge density will occur with higher area burned irrespective of the unevenness of 

the boundaries. A landscape with more fire patches will have more edges. Correlation 

between proportion of area burned and patch size standard deviation (PSSD) and area-

weighted mean shape index, which are relevant to patch size and shape, are significant (r 

= 0.7404, n = 27, p =0.0000; r = 0.7108, n = 27, p = 0.0000). These correlation results 

also reflect more fire patches with complicated shapes are created when the proportion of 

the area burned is increased. It can be inferred that fire always occurred in some fire-

prone area in the dry season in the study area, but when more areas are burned the spread 

of fire are proximate to some geographic or landscape boundaries that are inevitably 

uneven. 
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Figure 6.02. Monthly variations of the averages of number of burned patches and 

mean patch size in fire-created patchwork. 

During the dry (fire) season, the mean patch size increases to a peak in August, while the 

number of patches remains moderately high. The measure unit for Mean Patch Size is 

pixel (30 x 30 m2). 
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Figure 6.03. Monthly variations of means of total edge and edge density of burned 

patches in fire-created patchwork. 

The great increase in total edge from June to September occurs despite only a moderate 

increase in the number of patches of roughly equivalent size. This suggests that there is 

some interaction in the spatial configuration of burns in August with earlier fire, 

producing more complex patterns of burning and resultant fire scars. The reduction in 

edge late in the year is a product of a smaller number of often-larger fires. The measure 

unit for total edge is m and for edge density is m/ha. 
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Apr May Jun Jul Aug Sep Oct 
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Figure 6.04. Monthly variations of the averages of mean shape index and area-

weighted mean patch index in fire-created patchwork. 

These indices provide measures of patch shape. Area-weighted mean patch index is low 

in the early dry season and high in the middle of the dry season when the proportion of 

area burned is also at its peak. 
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The significant correlation between edge metrics and proportion of burned area 

indicates an increase in the complexity of fire scars, since edge density indicates the edge 

length within a given area. Shape metrics are the quotient of patch perimeter and the 

square of root of patch area adjusted by different parameters that indicates shape 

complexity. The bigger the values are, the more complex the patches shape. As the area 

burned increase, the shape indices also increase, indicating that fire scars have become 

more complex. Analyses indicate significant correlation between proportion of area 

burned and both patch and shape metrics. Along with the increase of area burned, the 

fragmentation of landscape condition produced by burning has been intensified from the 

beginning to the end of the dry season, which can be inferred by changes in the number of 

patches. 

During the whole dry season, the main landscape indices demonstrate obvious 

fluctuations through time. The results of ANOVA analyses for landscape indices suggest 

a significant difference in edge metrics with the month of images (Total Edge, F62()  = 

8.2444, p = 0.0001; Edge Density, F620  = 8.245 5, p = 0.0001). Differences in area and 

shape metrics are not significant. The number of patches shows significant variation by 

month (F6  20 = 2.7548, p = 0.0406). The number of patches in August exhibits a 

prominent peak, indicating that in the middle dry season the landscape experiences an 

intensive fragmentation with a high proportion of burning (see Chapter Four, Figure 

6.02). Figures 6.02, 6.03 and 6.04 show the monthly fluctuations of all selected landscape 

indices in the fire-created patchwork, including number of patches, mean patch size, total 

edge, edge density and area-weighted mean shape index. All indices, including number of 

patches, are also at their peaks in middle (August) and late (September) dry season, 

showing the timing and seasonality of fire-driven fragmentation in fire patches. 

In Chapter Three, I provided details of vegetation pattern in the study area. To 

provide an additional perspective on the extent to which fire may affect patterns of 

resource distribution for wildlife within particular vegetation types, I have also analysed 

variation in patterning of unburned vegetation of all 7 mapped vegetation types, and 
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hence considered the manner in which fire interacts with the configuration of the different 

vegetation types to produce patterns of unburned habitats. 

6.3.2. Landscape indices for unburned vegetation patches 

Table 6.04, at the level of vegetation as a whole, shows all selected landscape 

indices for the unburned vegetation patchwork. These dynamics are shown in Figures 

6.05, 6.06 and 6.07. Similar to fire scar patches that have a monthly peak in dry season, 

the fluctuation in number of unburned vegetation patches demonstrates a plateau in July 

and August, whereas mean patch size shows comparatively steady. Mean shape index, the 

ratio of summed edge lengths to total area, has an early dry season peak indicating a big 

change in patch shape. When the index increases, patch shape is getting more 

complicated. 

Correlation analyses between proportion of burning and selected spatial indices, 

respectively, show all selected metrics to be significantly correlated with the proportion 

of area burned (Table 6.03). It indicates that all tested metrics, including patch, edge and 

shape metrics increase along with the amount of burning. These relationships are stronger 

for unburned vegetation metrics than for burned patches (r = 0.7943, p= 0.0000). The 

number of patches varies with a minimum number 623, which occurred in April and 

maximum 27865 found in August. These figures suggest that fragmentation processes in 

savanna landscape intensifies along with the combustion of wildfire. The complexity of 

vegetation patches is also increased in conjunction with a greater proportion of the 

vegetation being burned. 

I now turn to the implications of these patterns revealed by landscape metrics for the 

distribution and availability of resources likely to be used by wildlife. 
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Table 6.04. Landscape indices of vegetation patches over the study area in 1989-2000. 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 13.71 17706 22.54 2926.96 14880960 32.17 1.24 34.73 

Sep. 1989 16.17 12098 32.04 3455.59 12678720 27.41 1.27 31.89 

Apr. 1990 1.32 781 584.41 16312.74 1154350 2.50 1.18 3.58 

Aug. 1990 14.63 16147 24.45 3026.75 16193760 35.01 1.26 39.17 

Aug. 1991 27.16 27865 12.08 1901.27 25804980 55.79 1.25 62.27 

Jul. 1992 17.11 20856 18.38 2574.18 21988860 47.54 1.26 56.59 

Apr. 1993 1.71 976 465.76 14518.81 1818540 3.93 1.23 5.35 

Aug. 1993 14.00 13600 29.24 3335.25 16408200 35.47 1.28 42.89 

Apr. 1994 3.49 2509 177.90 8885.17 2453160 5.30 1.21 6.39 

Aug. 1994 22.00 19327 18.66 2494.58 20513640 44.35 1.28 50.94 

Oct. 1994 26.53 20097 16.89 2270.88 19166160 41.44 1.28 42.38 

Apr. 1995 1.26 623 733.1 18272.88 1786980 3.86 1.21 5.92 

Jun. 1995 6.00 3109 139.83 7762.49 5147160 11.13 1.21 15.50 

Oct. 1995 0.89 667 687.29 17726.51 1712640 3.70 1.22 5.59 

Apr. 1996 6.34 4146 104.46 6700.15 3902280 8.44 1.19 10.40 

Jul. 1996 14.84 19961 19.73 2710.14 17463960 37.76 1.27 39.33 

Oct. 1996 7.33 4146 103.37 6623.13 15326280 33.13 1.24 53.07 
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Apr. 1997 1.62 640 711.01 17953.94 1297020 2.80 1.26 3.85 

Jul. 1997 25.95 18477 18.52 2397.08 18212340 39.37 1.26 44.61 

Sep. 1997 29.02 8307 47.20 4226.48 14225460 30.75 1.26 42.62 

May 1998 1.03 7733 53.63 4627.79 8833740 19.10 1.30 21.04 

Jun. 1998 26.48 12656 26.86 2927.83 14448060 31.24 1.27 38.68 

Sep. 1998 4.83 1743 252.52 10491.40 3030480 6.55 1.29 8.19 

May 1999 12.53 4661 91.09 6163.75 9304140 20.12 1.28 27.81 

Aug. 1999 24.05 25182 13.94 2125.06 33599250 72.64 1.26 103.99 

Oct. 1999 12.65 7484 56.30 4715.69 7669200 16.58 1.30 12.35 

Jun. 2000 21.87 10461 34.52 3470.32 8703100 18.82 1.23 22.33 

Mean 13.13 10443 166.51 6688.77 11767534 25.44 1.25 30.79 

SD 9.63 8450 239.01 5468.71 8531670 18.45 0.03 23.53 
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Figure 6.05. Monthly variations of means of number of patch and mean patch size of 

areas of unburned vegetation. 

The general pattern of increase in patch number to a peak in August and decline later in 

the year is consistent with trends in number of fire scars indicating that the effects of 

burning is for fire scars to join to produce many separate unburned patches (as distinct 

from scars lying separately within a continuous matrix of unburned vegetation). 

However, trends in mean patch size are distinctly different from fire scars, with 

continuous unburned vegetation obviously being dominant early in the dry season, but 

less predicably, burning late in the year (October) produces less fragmented unburned 

vegetation despite substantial numbers of fires (Figure 6.01). 
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Figure 6.06. Monthly variations of the averages of total edge and edge density in 

unburned vegetation patchwork. 

The measure units for total edge and edge density are meter and m/ha respectively. 
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Figure 6.07. Monthly variations of mean shape index and area-weighted mean shape 

index in unburned vegetation patchwork. 

These two shape indices demonstrate increasing from early dry season to the late season. 

Mean shape index shows a peak in May in the early dry season. This may be due to the 

small number of observation (two) in this month. The trend of AWMSI is similar to the 

fluctuation in proportion of area burned, indicating that complexity change of vegetation 

patch shape is based on changes of proportion of area burned. 
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6.4. Discussion and Conclusion 

Fire presents a challenge for land and wildlife management in northern Australia, 

which has attracted attention from savanna scientists in fire ecology, land use, and 

management practice. The landscape indices for both fire scar patchwork and vegetation 

patchiness can provide a broad view of fire activity and provide a data source for analysis 

that could follow a variety of directions. In the present study, in order to better understand 

fire influences on granivorous bird habitat, especially the vegetation categories dominated 

by annual Sorghum spp. grasses in the understorey, I analysed some characteristics of fire 

behaviour through the landscape metrics approach. In combination with other summaries 

of fire patterns I presented in previous chapters, they provide a new way to describe 

ecological features of relevance to wildlife in habitats affected by the fires. 

6.4.1. Fire Behaviour, Landscape Indices and Implications for Wildlife Habitat 

Quality 

64.1.1. Fire behaviour 

In Chapter Four, variations in proportion of area burned over the whole dry season 

were characterised on monthly and seasonal bases (Figure 4.03, Figure 4.04). These 

variations demonstrate high fire activity in the mid dry season (June-August), rather than 

late dry season that other studies reported in nearby study sites. (e.g. Russell-Smith et al. 

1997, Gill et al. 2000). In part this is due to essentially arbitrary differences in 

classification, with others treating the late dry season as beginning at the end of July. Gill 

et al. (1996) suggested that in the region's fire weather is usually most severe in 

September-October (late dry season) and least severe in January-February (late wet 

season). Measures of fire patchiness could be one group of indicators that reflect fire 

severity. It can be hypothesised that even though the mean proportion of area burned in 

the late dry season is lower than mid dry season's, either patch size (interpreted as fire 

causing large individual scars) or patch number (more ignitions) in late dry season can 

still be larger than those in other periods of dry season because of severe fire weather. 

Alternatively, patch number may be lower because fires aggregate into large burned areas 
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in the most severe fire weather period. Edge metrics are also an indicator for describing 

detail of fire patch patterns. 

In contradiction to these expectations, I found that patch size is not monthly or 

seasonal based, its value showing no significant difference between early dry season and 

mid or late season. That is, late dry season fire patches are not predominantly larger than 

those created in early dry season. This may occur because in the late dry season fires are 

limited in their spread by early dry season fires. This can be shown on Figure 8, where the 

relation between proportions of area burned in early dry season and mean patch size in 

late dry season. Patch size experienced a process from small to big and back to small after 

a peak point. 

This fire pattern suggests a uniform fragmentation process in the study site across 

the dry season, and therefore unburned vegetation fragmentation can be mainly affected 

by the vegetation cover itself, such as vegetation patchwork and intrinsic boundary. The 

proportion of area burned is linearly related to the number of patches only if patch size is 

relatively uniform across the dry season. ANOVA analysis on univariate test of 

significance for number of patch shows significant variations among monthly values of 

number of patches (p = 0.0406). Correspondingly, the number of patches and proportion 

of area burned are significantly positively correlated (p = 0.00 14), suggesting that beside 

proportion of area burned, number of patches should be the most important landscape 

index to characterise fire patterns in the study area, particularly in the selected indices. 

The combination of proportion of area burned and number of patches can be applied to 

analyse the quality of habitat resources and fire management, particularly the 

fragmentation of the habitat and maintenance of patchy habitat by fire management. This 

combined analysis provides a more complete understanding on the quality of habitat and 

management, which a GIS makes possible. 

Edge metrics, including total edge and edge density, show significant variations 

among months in the dry season (p = 0.0001). Both edge metrics are significantly 
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correlated with proportion of the study area burned (p = 0.0000). Edge metrics peak in the 

middle dry season but also show a secondary peak in the late dry season that has the 'bad' 

fire weather. High values of these metrics show very uneven or complex boundary of the 

patch. In the middle dry season, along with high proportion of area burned, patch 

boundaries become more uneven. High frequencies in the dry season are associated with 

complex boundaries, while the boundaries in late dry season are less complex, perhaps 

indicating burning within boundaries or more comprehensive burning influence of 

topographic barriers such as river channels which are relatively 'smooth'. 

In connection with other layers, such as residential sites, roads and other 

anthropogenic features, small fires early in the dry season were compared with late season 

fires to track the distribution trends in the study area. Ignitions of fires were around 

residential areas, roads and other human features (Chapter Four, Figure 4.06, 4.07, 4.08, 

4.09 and Figure 2.01). Also, ANOVA analyses results on monthly variation of numbers 

of patches over the year in connection with values of numbers of patches and patch size 

shows a significant increase in the number of patches and an insignificant variation in the 

patch size. That perhaps indicates the increase of the number of fire patches means a rise 

in the number of fire spots, and hence the origins of early dry season fires can be 

characterised as the number of patches in the early dry season. These early dry season 

fires tend to be close to anthropogenic features and more fragmented. 

The quantity and size of early dry season fires may be expected to result in different 

fire patterns in the late dry season. Relations between ignitions and patterns of late fire 

season in historical data can reflect the influences of early prescribed burning, providing 

implications for fire and land management practice. Late dry season fires are expected to 

be fewer with large-sized patchwork, but it depends on the fire pattern in the early dry 

season. Large size fire patch with low edge density is considered as severe fire events. 

The more these patches occur, the severer the influence of fire affects on the landscapes. 

In reality, a comparatively small average of patch number in early dry season (April-May) 

increased a July peak in the mid dry season (Figure 6.01). However, patch size keeps 
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relatively stable (F620 = 0.9610,p = 0.4760) with two minimum values in August and 

October. 

Among the seven classified vegetation categories I mapped in Chapter Three of the 

present study, all selected landscape metrics are derived in different vegetation categories 

(Appendix 2 and Appendix 3). Two classes of the vegetation communities with 

understorey dominated by Sorghum, Eucalyptus phoenicea / Eucalyptus spp. woodland 

with Sorghum stipoideum, Chrysopogon latUblius and Plectrachne pun gens grass stratum 

(EPW) and E. tetrodonta, E. miniata and E. dichromophloia woodland with Sorghum sp., 

Heleropogon triticeus and Sehima nervosum dominated grass layers (ETMW), are 

habitats utilised by granivorous birds (Fraser 2000, Dostine et al. 2001). Vegetation 

communities dominated by Sorghum in the understorey have larger patches with more 

edge (Table 6.05). Landscape metrics for burned patches vary among vegetation types, 

and these metrics describing fragmentation of vegetation cover themselves also correlate 

with proportion of area burned in the same vegetation cover. Table 6.03 illustrates the 

main landscape indices in each vegetation community and proportions of area burned in 

the same category. More fragmented communities, such as ETDW, ELBW and EMTW, 

with smaller mean patch sizes have lesser proportions of area burned in the early dry 

season. It suggests that fewer early dry season fires occur likely in more fragmented 

vegetation types because many patches are isolated from sources of ignition. 

6.4.1.2. Correlates of landscape metrics and ecology of wildlife 

Landscape metrics investigated in this project can be used to explore competing 

hypothesis about influences on fire patterns. For example Gill (1996) has proposed that 

fire weather is more extreme in the late dry season when temperatures are high, winds are 

strong and flammable fuels are widespread. Williams ci' al. (1999) has confirmed that 

savanna fires are more severe under these conditions. It might be hypothesised that 

extreme fire weather would result in: (i) increased frequency of ignitions and hence a 

large number of fire scars (patches); (ii) increased homogeneity of burning to produce, for 

a given number of ignitions, less patchy fires and hence fewer unburned lacunae within 
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Table 6.05. Selected landscape indices in different vegetation communities after 

fire categorised in two categories based on understorey dominant species. 

Patch and edge metrics in unburned vegetation covers (but after fragementation by 

fire) are compared between Sorghum dominated and non-Sorghum dominated 

communities though ANOVA analyses. Variations across all groups of vegetation 

types in patch number, mean patch size, total edge and edge density are highly 

significant (F6 182=  112.54, P = 0.0000; F6182  = 32.38, P = 0.0000; F6,182  = 304.67, P = 

0.0000; F6182  = 304.67, P = 0.0000). In addition, variation between two groups of 

Sorghum and non-Sorghum dominated communities are highly significant in all of 

MPS, TE and ED (i = 8.4652, 1 = 4.3044, 1 = 4.3044, respectively: P = 0.0000, d. f = 

187), but not significant in NumP (1 = 0.2664, P = 0.7902, d. f. = 187). 

Vegetation Community NumP MPS TE ED 

EPW 12022 14.33 20690729 44.73 

Sorghum ETMW 4656 7.83 5430116 11.74 

Mean 8339 11.08 13060423 28.24 

MF 1304 6.77 1480751 3.20 

Non- ELBW 2595 4.08 2455331 5.31 

Sorghum ETTW 11532 8.32 14921169 32.26 

ETDW 7920 2.84 5725331 12.38 

EMTW 17060 4.50 16256600 35.15 

Mean 8082 5.30 8167836 17.66 
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larger fire scars. In this case average patch size for both fire scars and remaining 

unburned areas may be expected to be higher; (iii) increased probability/frequency of 

large fires that burn to the margin of other recent fires so that scars 'coalesce' into a 

smaller number of larger patches. 

Another area of relevance is the capacity to examine questions related to the 

effectiveness of preventative burns. One of the motivations for early dry season burning is 

to reduce the probability of late dry season fires (by reducing fuel availability) and to 

reduce the probability of large uncontrolled fires by creating 'breaks' in fuel availability. If 

early burns were effective, it would be predicted that there would be fewer ignitions in 

late dry season in years with extensive early burns as well as smaller, more fragmented 

fires. 1-lowever, the results of correlation analyses in percentage of area burned, number of 

patches and mean patch size indicate a different situation. This can be seen in Figure 

6.08. These parameters of burning in early dry season are not correlated with those in late 

dry season, indicating early dry season fires in the mixed land use area in the study area 

do not strongly influence fires in late dry season. Fire patterns in the study area are driven 

by human activities in a variety of land uses. 

Fergusson River Catchment, FRC, is a typical tropical forest-woodland savanna 

landscape, which burns extensively during the seven-month dry season. The vegetation 

cover in FRC region includes Melaleuca riverine open forest and a number of Eucalyptus 

dominated woodland or forest communities. Fire is pervasive affecting all vegetation 

types to varying extents. In order to study the fire-affected landscape structure, 

particularly to characterise the effects of fire as a dynamic influence on the habitat 

structure, I calculated the selected landscape metrics of fire patches to reveal fire patterns 

in the study area. Fire affects resources utilised by savanna fauna in many ways and 

influences their utilisation of different classes of resources, such as food, shelter and nest 

site. 
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Figure 6.08. Main landscape indices distribution in early and late season. 

Data shown in this figure are in the sequent six years from 1994 to 1999. Correlation 
analysis shows that all of these three indices are not correlated between their early and 
late observations (P> 0.05). 
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There are several aspects of food availability affected by fire. Here I explore impacts 

on the resource bottleneck occurring at the beginning of the wet season (Dostine et al. 

2001). Russell-Smith etal. (2003) suggested that regular fires favour Sorghum and result 

in suppression of perennial grasses. The amount of seed produced by perennial grasses is 

reduced in the fruiting season following fire (Dostine etal. 2001, Crowley and Garnett 

1999). Late dry season fires cause greater damage to perennial grasses than early dry 

season fires (Dostine et al. 2001). Consequently, densities of stems and seed production 

of perennial grasses are reduced in areas of frequent fire. Habitat quality for granivorous 

bird species dependent for all or part of the year on perennial grasses is therefore lower in 

landscapes burned frequently by large fires. In extensively burned landscapes, long 

unburned, high quality fragments may be too small to sustain viable resident populations 

or to be used efficiently by mobile species. Areas with patchy fires are less uniformly 

damaged. Therefore, habitats that continue to support healthy granivorous populations 

will contain (i) large continuous areas of less frequently burned grassland, or (ii) numbers 

of less frequently burned patches of substantial size that are not widely separated, or (iii) 

aggregations of individually small but relatively connected patches. 

Table 6.06 and 6.07 show changes of patch size of vegetation covers of categories 

EPW and ETMW in three periods of dry season and 6 years that sequences of data are 

available. These two vegetation types are selected since they are Sorghum dominated in 

understorey. In 1995, proportion of area burned is the lowest, but vegetation patch sizes 

in two vegetation classes demonstrate larger and relatively even across the three periods 

of dry season. On the other hand, proportion of area burned is the highest in 1994. Patch 

sizes of vegetation cover in these two years are very small, especially in mid and late dry 

season. Obviously, fire extent or proportion of area burned is an important aspect 

affecting vegetation cover patches and indicating if they can still keep large continuous 

areas. It reflects the availability of food resource and appropriate home range space and 

breeding area for granivorous birds in the fire-affected habitat (Woinarski 1990, 

Setterfield and Williams 1996). 
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Table 6.06. The distribution of unburned patch size in each year in vegetation 

community EPW 

EPW: Eucalyptus phoenicea / Eucalyptus spp. woodland 

The proportion of area burned indicates the percentage of burning in the whole study 

area. Unburned vegetation mean patch sizes in early and late dry season do not show 

regression with proportion of area burned (R2  = 0.2479, P < 0.10; R2  = 0.2365, P < 

0.10), while mean patch size in middle show regression with proportion of area 

burned (R2  = 0.5200, p < 0.005). 

Year Early Middle Late % of area burned 

1994 20.93 7.37 6.46 49.1 

1995 25.53 21.49 25.94 7.7 

1996 17.81 6.70 20.98 25.7 

1997 24.15 6.63 13.62 34.7 

1998 14.06 8.64 23.84 35.5 

1999 1.33 6.35 19.32 38.6 
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Table 6.07. The distribution of unburned patch size in each year in vegetation 

community ETMW 

ETMW: E. tetrodonta, E. miniata and E. dichromophloia woodland 

The proportion of area burned indicates the percentage of burning in the whole study 

area. Mean patch sizes of unburned vegetation cover show regressive with proportion 

of area burned (R2  = 0.5637, P < 0.005; R2  = 0.6304, P < 0.005; R2  = 0.5526, P < 

0.005). 

Year Early Middle Late % of area burned 

1994 10.25 3.1 6.04 49.1 

1995 11.81 10.42 11.81 7.7 

1996 9.72 5.94 11.29 25.7 

1997 12.07 5.54 9.1 34.7 

1998 6.33 6.08 11.27 35.5 

1999 1.84 5.1 8.87 38.6 
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Dostine etal. (2001) argu ed that remarkably little is known of the patterns of seed 

resource used by any granivorous birds or their ecological response to variability in the 

abundance of seed resource. Patchwork configuration derived from landscape indices 

provides knowledge that is urgently needed possibly as the evidence of widespread 

declines within the granivorous bird assemblages of northern Australia savannas 

(Franklin 1999). Dostine c/ al. (1999) characterised attributes of feeding sites and 

patterns of seasonal movements of a population of the Gouldian finch, an endangered 

granivorous avian species in the Yinberrie 1-lills area existing in the central part of the 

study area. Their major finding is that in the dry season Gouldian finches foraged mostly 

on burned ground and fed on exposed seed of annual grasses, particularly seed of spear-

grass, Sorghum. They also found that in the wet season Gouldian finches feed on seed of 

a sequence of perennial grass species. Therefore, fire patch configuration and burning 

times should be taken into account to evaluate habitats used by granivorous birds. In dry 

season, granivorous assemblages fed in areas from which fire had removed senescent 

annual grass stems. The relationship between fire frequency and landscape indices of 

burning area, especially mean patch size, can provide better understanding on habitat use 

in connection with the study of Dostine etal. (2001). 

According to the results of calculations (Table 6.08) carried out with the methods 

applied in this study on selected landscape indices in the Yinberrie Hills region from the 

twelve-year fire maps, where Dostine etal. (2001) conducted their Gouldian finches 

study, areas with fire probability 0.2 and 0.4 occupy a half of their study area (27.4% and 

22.0%). But these fire probabilities cause relatively small mean patch sizes of fire scar 

with respectively 0.42 and 1 .12 ha. Especially, fire probability 0.2 creates a patchy fire 

fragmentation with mean patch size 0.42 ha, providing fragmented fire ground and food 

availability for Gouldian finches. Fire probability more than 0.6 occupy very small area 

but small fire patches. 

However, for the whole area of the present study there is a different scene (Table 

6.09, Figure 6.09), fire probability 0.2 still occupies a large part of the study area (30.6%) 
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Table 6.08. Landscape metrics of the area in different fire probabilities in the Yinberrie Hill region (Dostine et al. 2001) 

Fire frequency % of total area NumP MPS PSSD TE ED MSI AWMSI 

0.0 8.7 4132 0.59 4.36 1764240 73.89 1.33 4.72 

0.1 10.2 3609 1.81 29.89 3282300 137.47 1.41 16.63 

0.2 27.4 7622 0.42 1.39 2748360 115.11 1.32 2.84 

0.3 13.3 3707 1.42 12.66 3189720 133.59 1.46 10.38 

0.4 22.0 2737 1.12 8.17 1908000 79.91 1.44 6.88 

0.5 12.8 1812 1.14 14.47 887100 37.15 1.27 5.86 

0.6 4.4 1434 0.74 3.60 757920 31.74 1.39 4.75 

0.7 0.8 723 0.27 0.34 189060 7.92 1.24 1.69 

0.8 0.4 252 0.38 0.78 81180 3.40 1.29 2.06 

0.9 0.0 22 0.10 0.03 2940 0.12 1.04 1.07 

1.0 0.0 5 0.23 0.25 960 0.04 1.09 1.10 
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Table 6.09. Landscape metrics of the area in different fire probabilities in the study area of the present study 

Fire frequency % of total area NumP MPS PSSD TE ED MSI AWMSI 

0.0 21.0 40786 2.38 189.63 25314180 54.70 1.28 24.73 

0.1 16.0 87615 0.85 12.83 46276680 100.00 1.37 7.27 

0.2 30.6 53206 2.66 143.29 62561100 135.25 1.40 53.67 

0.3 11.1 101860 0.51 2.37 42059760 90.93 1.36 3.45 

0.4 14.3 42409 1.56 30.87 37200840 80.43 1.44 15.25 

0.5 5.4 24893 1.00 10.57 15507180 33.53 1.39 7.63 

0.6 1.3 9298 0.64 3.56 4219200 9.12 1.32 4.42 

0.7 0.1 2861 0.24 0.32 687540 1.49 1.20 1.62 

0.8 0.1 896 0.39 0.95 287040 0.62 1.26 2.24 

0.9 0.0 160 0.24 0.34 37860 0.08 1.20 1.66 

1.0 0.0 57 0.29 0.40 13740 0.03 1.15 1.51 
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Figure 6. 09. Fire frequency distribution in the selected area and the study area 

of the present study. 

The selected area is the study site of Dostine el al. (2001) in the Yinberrie Hills region 

in the Northern Territory, Australia. 
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but creates the largest mean patch size of fire scars (2.66). This difference of fire patches 

produced by the same fire frequency may provide some insights to the distribution of the 

breeding population of the Gouldian finch in the Yinberrie Hills area. 

Perhaps the most important finding of the present study in this context is that mean 

patch size of Sorghum dominated vegetation cover are significantly larger than non-

Sorghum dominated areas. The role of fire in maintaining favourable distribution of 

resources, among which Sorghum seed is the most important, warrants more detailed 

study. 

Because of land use situation in the study area, fire management and fire regime are 

different from those in the adjoining national parks. This enables us to look at fire 

patterning in a very human driven situation and then explore the implications for fire 

management. 

6.4.2. Conclusion 

The combination of remotely sensed imagery data, Geographic Information Systems 

(GIS) software, and landscape ecology theory provides a unique basis for monitoring and 

assessing large-scale ecological systems. The unique feature of the work has been the 

need to develop and interpret quantitative measures of spatial pattern, the landscape 

indices. Assessment applications of this approach have required interpreting the pattern 

metrics in terms of specific environmental end-points, such as wildfire and habitat 

utilisation. Landscape metrics of fire-affected tropical savannas can provide better 

understanding on fire behaviour and correlates of fire-created patchiness and wildlife 

habitat utilisation. 

Long-term data enables analysis of fire patterns by landscape indices, and hence 

enrich the understanding of the fragmentation mechanism. In the late dry season that is 

considered as the severe fire weather, mean patch size of fire scar demonstrates the same 
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values as in the other periods of dry season. This constancy of fire patch across the seven-

month dry season denotes that the increase of proportion of area burned is mainly caused 

by an increase number of fires. The ignitions of fires in the early dry season cause similar 

sizes of fire as late dry season's. 

Landscape indices analysed demonstrate significant variation in different vegetation 

communities, especially to main categories characterised by dominant species in the 

understorey covers. Sorghum dominated vegetation communities demonstrate larger size 

unburned patches with more edge, but means of patch size do not show significant yearly 

variation. 

Lands experiencing different fire frequency demonstrate varied vegetation patch 

patterns. This relates to the distribution of fire frequency. Also, fire frequency may be 

able to create proper size of the fire ground patch, where availability and accessibility of 

food resource for granivorous animal can be ensured. This knowledge helps fire 

management and wildlife conservation, and can be an important basis for future study. 
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Chapter Seven - BIOPHYSICAL AND ANTHROPOGENIC INFLUENCES ON 

FIRE PATTERNS -- IMPLICATIONS FOR MANAGEMENT 

7.1. Introduction 

Large proportions of Australian tropical savanna landscapes are burned during 

the seven-month dry season that occurs each year. The currently prevailing 

prescription for management purposes in this region is the use of early dry season 

prescribed fire to reduce fire incidence in the late dry season. In some pastoral lands 

large-scale late burning is applied to maintain the grass-tree balance (Dyer and 

Stafford Smith 2003). This late burning pattern can, however, be catastrophic for fire-

sensitive vegetation and some animal species (Jacklyn and Russell-Smith 1998, 

Andersen et at. 2003, Russell-Smith ci at. 2003). In the previous chapters of this 

thesis, I mapped fire extents and occurrences in the study area using twelve years of 

historical imagery, and looked at the main temporal and spatial features of fire 

patterning including proportions of area burned, fire frequency, interval, patchwork 

characteristics and landscape metrics in the areas burned and unburned in a study area 

that mixes a variety of land use types. One of the most important products of the 

above analyses is the generation of fire probability/frequency maps which describe 

spatial and temporal occurrences of burning over a six-year sequence. In this chapter, 

I undertake a modelling analysis of the relation between fire frequency and local 

environmental parameters, including landscape and anthropogenic variables. In 

addition, I provide a synthesis of fire patterning findings in previous chapters to 

explore the implications for management of fire and biodiversity conservation in the 

region. 
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7.1.1. Fire frequency and environmental variables 

The spatial distribution of fire frequency across the landscape as a summary of 

the spatial distribution of fire frequency in the past can be used as a fire probability 

map to draw inferences about fire likelihood in the future. Gill et at. (2000) used the 

Linked Fire Probability Model supplemented to various extents by other relationships 

to examine the effects of fires on organisms and ecosystems. They stated that 

ecological phenomena such as stand age or fire intervals fit well into the framework 

of probability models. This methodology was before suggested as a useful base to 

explore implications for fire management (Gill 1997). However, for fire interval, the 

same variable with fire frequency, Clark (2002) argued that a focus on the mean 

interval data between fires is insufficient for the description of associated ecological 

effects. Consequently, associated environmental parameters that can enhance the 

understanding of fire probability/frequency and interpret the distribution of fire 

probability/frequency are needed. These parameters used in this synthesised analysis 

in this chapter include landscape and human influenced variables. 

Different environmental variables can be expected to interact with fires in 

different ways in different settings. To build a statistical model, relating fire frequency 

to environmental variables, it is crucial to logically select these variables. In the 

rangeland of southern African savannas, Hudak et at. (2004) analysed climate, 

landscape and anthropogenic features to model their interactions and influence on fire 

regimes. They argued that exceptional physical and biological diversity in the region 

endows it to be an ideal area for studying interactions between climate, fire, biota 

(Bond 1997) and other natural and human factors. However, in Australian savanna 

landscapes, where frequent fire has also been a defining characteristic, development 

of comprehensive simulation models subject to a range of assumptions about impacts 

of different fire regimes on distinct sites and carefully selected abiotic and biotic 

interactions among different sites has been identified as necessary but not previously 

delivered (Russell-Smith el at. 2003). 

7.1.2. Modelling for fire patterning 

In the published literature, a modelling of the spatial and temporal relationship 

between fire frequency/probability as a function of features of savanna ecosystems 
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and environmental variables has been seldom reported, especially in the fire-prone 

northern Australian tropical savanna landscapes. Statistical modelling processes offer 

a method to disentangle interactions amongst different aspects of fire regimes and 

explore mechanisms that influence these interactions. Fire modelling for other 

purposes had been carried out in savanna landscapes in northern Australia and 

southern Africa (e.g. GRASP, Littleboy and McKeon 1997; FLAMES, Cook 2001; 

Hudak el al. 2004). Dyer and Stafford Smith (2003) have conducted fire modelling to 

represent the interactions between seasonal variability, fire behaviour, tree response, 

pasture growth and condition, grazing utilisation and animal productivity in a grazed 

savanna ecosystem in the north of Australia. They used deductive simulation and 

evaluated economic tradeoffs given various fire treatments and quantified fire and 

livestock management costs and revenue with the model. 

Another statistical modelling exploration was undertaken in Australia rangeland 

with plant morphological and allocation pattern to simulate the interaction between 

grazing by livestock and fire regime changes made by humans (Boer and Smith 

2003). In southern Africa, Hudak et al. (2004) modelled interaction between fire 

regimes and environmental parameters, including climate, topography, vegetation and 

land use to compare landscape heterogeneity condition between increased fire 

occurrence and fire exclusion landscapes. Indeed, debates about appropriate fire 

regimes and management practices need to be informed by a comprehensive 

understanding that explores savanna fire incidences with environmental aspects, 

including both landscape and anthropogenic influences (Andersen et al. 2003). For 

fire management itself,  understanding of the contributions of environmental variables 

to fire occurrence is crucial if managers are to optimise fire management plans and 

modify contemporary fire regimes. 

A number of plausible models relating fire frequency to different environmental 

correlates can be carefully framed and tested by comparing them to data such as that 

gathered during the present study. Burnham and Anderson (1998) described a process 

for fitting models based on application of the Akaike Information Criterion (AIC). I 

used those methods to fit relevant models to data extracted from the fire mapping and 

vegetation mapping studies described earlier. I used logistic regression analysis, 
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which has been used often for modelling the relationships between the occurrences of 

natural historical events and associated environmental variables (e.g. Crawley 2001, 

Griffiths et at. 2003, Russell-Smith ci at. accepted). For count analysis like 

calculating events that did happen and did not happen, analysis of covariance with 

binomial errors has been utilised to model the correlations between incidence and 

related variables (Crawley 2001). 

7.1.3. Management implications 

The results of the Kapalga fire experiment indicates that some key components of 

the north Australian savanna biota favour habitat that has been fire-free for at least 

several years (Andersen e. at. 2003). The experiment suggests that it is beneficial for 

land management and conservation practitioners that the savanna biota features the 

overall resilience to even high intensity fire, since it buffers against widespread 

ecological change following isolated management mistakes (Andersen et at. 2003). 

However, fires, and more particularly variation in fire regimes in different land use 

(Gill, 1981), remain an important challenge for conservation managers in northern 

Australia savanna landscapes. Effects of burning are not only shown in plant 

community components but also in habitat configuration, which is also influenced by 

anthropogenic features, especially in the study area where a variety of land use types 

coexist. 

Different fire regimes in northern Australia within a variety of land use types, 

particularly fire uses with frequent and intensive late burning, have resulted in 

dramatic declines in the diversity of local biota, especially and noticeably granivorous 

avifauna and their habitats. 

Savanna researchers in northern Australia and southern Africa have contributed 

sound knowledge of fire patterning in the region to explore management implications 

(e.g. Russell-Smith et at. 1997, 1998, Gill et at. 2000, Yibarbuk et at. 2001, Russell-

Smith et at. 2002, Williams et at. 2002, Andersen et at. 2003, Russell-Smith et at. 

2003, Boer and Smith 2003, Hudak ci at. 2004). They have revealed fire management 

principles applied or needed to operate in a variety of landscape and land use types 

and aims. In national parks, fire management has focused on reducing fire frequency 
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and the size of individual fires, encouraging early dry season fire and controlling late 

fire to benefit local biota. However, in pastoral areas fire management that has looked 

at maintaining pasture condition and reducing variability in seasonal livestock 

production and economic returns tends to be more complicated and often focuses on 

fire exclusion over large areas and for long periods. Furthermore, Yibarbuk et al. 

(2001) and Bowman et al. (2003) found that Aboriginal land managers in central 

Arnhem Land adopted more incremental approaches with burning of small area 

occurring throughout the year. 

This study aims to evaluate potential models that are able to most effectively and 

informatively describe the relations between fire frequency and environmental 

parameters and some other variables associated with human activity and to select the 

best models for different periods of the dry season in the area that supports a mix of 

land use types. I use these models in association with the findings from previous 

chapters in the present study to draw inferences about land and fire management and 

conservation, especially for granivorous bird habitat management. 

7.2. Methods 

I examined the association of fire frequency/probability with variables relating to 

landscape and human activity features using analysis of covariance with binomial 

errors for Generalised Linear Models (GLM). A Poisson model, the logit-link was 

used in this analysis with the response variable being the fire frequency in the study 

area. All analyses were conducted in R version 1.8.1, a programming environment for 

data analysis and graphics, with scripts developed for this study. 

7.2.1. Model structure 

7.2.1.1. Landscape parameters 

Landscape parameters relevant to this study include a number of measures of 

natural features that are considered likely to be relevant to fire occurrence in the dry 

season in northern Australian savanna landscapes. Environmental parameters were 

cautiously considered and selected to be employed as variables in the modelling 
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process. Vegetation cover is the main physical landscape feature and provides fuel for 

fire. The compositions and structure of different vegetation types, particularly the 

understorey grass layers can substantially influence fire distribution and severity 

(Williams ci at. 1999). Elevation, slope, aspect and rivers are topographic and 

geophysical variables, which can affect fire patterns in a variety of ways, including, 

for example, acting as fire breaks. In the study area, rivers including seasonal and 

ephemeral creeks are still flowing and maintaining moisture gradients in soil in the 

riverine areas in the early dry season. The drainage system itself unquestionably 

influences fire distribution in acting as fire breaks in association with vegetation 

configuration. Distance to river then reflects the moisture gradients of soil and fuel, 

which obviously influence fuel flammability and hence influence the spread of fire. 

However, since the rainfall and humidity levels tend to be basically stable during the 

dry season in the study area, meteorological data was not selected and analysed in the 

modelling process as variables. Geology is also related to fire occurrence and 

distribution, but due to the area limitation of the study area, variations of geological 

features, such as soil and litho-types, are not great. Vegetation patterns areclosely 

related to underlying soil and geology, so geology influences are not directly selected 

and analysed in this study. 

7.2. 1.2. A nihropo genie parameters 

I identified a number of human activity-based parameters affecting the fires and 

the ecosystem. The Euclidean distance to the nearest road has been considered here to 

provide a surrogate for accessibility to flammable fuel cover for fire lit by humans. 

Roads may also act as firebreaks. The road system includes a variety of roads 

including small two-wheel tracks, formed gravel roads and well-constructed 

highways. The nominal land use has also been considered as a source of variation in 

human influences in this fire-prone landscape. The study area covers a mixed land-use 

region, including reserves, Aboriginal land, pastoral land, government crown land for 

a variety of uses such as mining industry, and urban land associated with the town of 

Katherine. Figure 7.01 demonstrates the land use map in the study area and the 

proportions of each land use component. Different management treatments may be 

applied in different areas of land-use type and hence are expected to influence fire 

regimes. 
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160000 180000 200000 220000 

Figure 7.01. Land use map in the study area. 

Proportions of the land use types: reserves and Aboriginal land 56.9%, crown land 

6.3%, pastoral land 33.8%, urban land 2.9%. 
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7.2.2. GIS layers and manipulation 

7.2.2.1. Model response. fire frequency map 

Fire frequency was treated as the response variable in all potential models. Maps 

and derivation of fire frequencies were done as described in Chapter Four with fire 

scar interpretation and mapping results from Landsat TM and ETM+ imagery over 

six-year consecutive years. There were three images acquired in the early, middle and 

late dry season in each year. In the six-year sequence, fire frequency/probability maps 

respectively for the early, middle and late dry season were generated through 

analysing fire interpretation results in each period of dry season. Then, a general fire 

frequency/probability map was produced through using all of the eighteen images 

within the six-year sequence. Four grid-based fire frequency/probability maps for 

each period of dry season and the whole study period, which have a ground resolution 

of 30 m2, contain grids with integral values standing for fire frequency of occurrence 

and inferring fire probability. Because there were three images in each year, in the 

general fire frequency/probability map over six consecutive years, relative 

frequency/probability of fires should be no more than 33.3% (6 if showed as integral, 

six times over the study period), if it is assumed that each cell in the scene was just 

burned once a year. However, cells with fire frequency more than 6 (more than six 

times) could be found, suggesting sites in those cells had been burned more than once 

a year. There were 1.14% of total cells found to have burned more than once a year. 

7.2.2.2. Variable layers 

GIS coverages for each of the variables were assembled, including a vegetation 

map, Digital Elevation Model data (DEM, ground resolution 80 m2) and digital maps 

of slope and aspect. The digital road system and hydrological data were employed to 

generated maps of Euclidean distance to the road system and Euclidean distance to 

the rivers. Digital land use map of the study area was also used in the modelling 

process. 

Vegetation map 

Vegetation type interpreted and mapped from Landsat TM image (see Chapter 

Three) was used as a variable layer. These data were in a grid data structure and had a 

cell size of 30 m2. Seven classes of vegetation, including six Eucalyptus woodlands 
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and forest and one IvIelaleuca forest category, were mapped in the study area (see 

details in Chapter Three). As each vegetation category occupies a different proportion 

of the study area, in the procedures selecting random sampling points described later, 

the grid vegetation coverage was converted to vector to ensure all polygons (patch) of 

each vegetation type had random point(s) when the random point selection procedure 

was run through a shape file based selecting program. Vegetation cover provides fuel 

loads and presents different fire sensitivities to be influenced by fire distribution and 

occurrence. 

Elevation data and associated topographic features 

A three-second Digital Elevation Model data (ground resolution 80 m2) originally 

created by the Department of Defence was provided by the Department of 

Infrastructure, Planning and Environment (DIPE) of the Northern Territory. To match 

the cell size to the other layers used in this modelling analysis, the DEM data were 

resampled to 30 m2  resolution through ArcView GIS resampling functionality. Slope 

and aspect maps were generated in ArcView GIS with the resampled DEM data. In 

order to reduce the number of subdivisions of this categorised data and its information 

redundancy, aspect data were reclassified for four categories (1, south-east 0°-90°; 2, 

east-north 91°-180°; 3, north-west 181°-270°; 4, west-south 271°- 360°), 

Elevation, aspect and slope are topographic features that may create firebreaks, 

affect the direction of fire distribution and shape fire patterning. Elevation changes 

sometimes are dramatic indicating there are cliffs limiting fire distribution as natural 

breaks. 

Distance to road system and rivers 

In ArcView GIS, maps showing Euclidean distances from each point in the scene 

to specific features such as rivers and the road system can be created from road 

system data and hydrological data. This process was based on digital, grid-formatted 

maps of road and drainage systems. Road system data were integrated with digital 

maps of tracks, roads and highways for use in the present study. All tracks, roads, 

highways and drainage systems mapping data including seasonal and ephemeral 

creeks were provided by Australian Surveying and Land Information Group 
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(AUSLIG, now Geoscience Australia). Euclidean distances to roads and rivers reflect 

the distance to fire breaks and accessibility to fuels, while distance to rivers also 

relates to the soil humidity gradient in the study area. 

Land use data 

A digital land tenure map was provided by the DIPE of the Northern Territory at 

a scale of 1:100 000. This digital map was converted to grid file of 30 m2  ground 

resolution to match the resolution of other layers in this study. Through merging land 

use classes and subsetting to the study area, the number of land use units was reduced 

to four categories, including reserves and Aboriginal land, pastoral land, government 

crown land, and Katherine city owned land. Different land use types show various 

anthropogenic influences on fire regimes and the levels of fire control, which have 

shaped fire patterns in the study area across the dry season. 

7.2.2.3. Random point selection 

An ArcView extension used for selecting random points in a vector layer was 

acquired in ESRI user homepage (http://www.esri.com/users)  and run in this study. 

Running the selecting random point functionality of this extension created a binary 

grid layer with a number of 80 532 random points (1.6% of total grids in the scene of 

the study area). This ensured that at least one random point was selected in each 

polygon (patch) of vegetation cover, especially some small area classes, such as the 

category of Melaleuca forest and bare land (MF). This class of vegetation occupies 

only 2% of the total vegetation cover in the study area (Chapter Three). In this binary 

grid layer, the value of random point is 1, the rest is 0. 

All GIS coverages described above including the fire frequency/probability data 

as response layer were processed to create layers with values only in all random 

points through multiplying selected random point data layer and each layer produced 

above as variables. The random fire frequency/probability data set and other random 

selected environment variable layers were tabulated. Then, random fire 

frequency/probability table was combined with other seven tables of variable layers to 

create the table used for modelling analysis. Because this combined table had too 

many randomly selected points (observations) to run in the modelling process, 

- 221 - 



Chapter 7 I3iophysicaI and anthropogenic influences on fire patterns - implications for management 

observations needed to be reselected to acquire an appropriate size of observing 

points. This selection was undertaken through sorting based on vegetation categories. 

In each vegetation category, 10% of first selected points were again manually and 

randomly selected, but there were some points that may not be included in any 

vegetation categories. This non-vegetation group of selected random points, possibly 

including water bodies, bare land and other anthropogenic features, was ignored. The 

final table included 8 023 points (observations) sampling in all seven vegetation 

classes. 

7.2.3. Model selection and evaluation 

In this study, a modelling framework was developed based on effects of principal 

environmental determinants that former and the present study have looked at, 

including landscape or anthropogenic parameters or both. The array of environmental 

and anthropogenic variables that could be considered is large and the number of 

corporations of them is also potentially very large. I chose to examine a small subset 

of plausible, relatively simple models based on simple hypotheses about the influence 

of individual variables on fire incidence. I used the process described by Burnham and 

Anderson (1998) to select the comparatively best model that explains most of the 

information associated with fire frequency distribution in the study area in the specific 

period of dry season or dry season as a whole. 

The 'information' mentioned above is related to the concept of 'sufficient statistic', 

which was firstly conceptualised by Kullback and Leibler (1951) as K-L information 

measuring a 'distance' in heuristic sense between conceptual reality and 

approximating model. To combine estimation and model selection under a single 

theoretical framework, Akaike (1974) introduced an approach to find an estimator of 

expected and relative K-L information that was based on the maximised log-

likelihood function. This derivation led to the use of 'Akaike's Information Criterion' 

as a fundamental basis for model selection. It can be calculated by 

AIC = -2log(L(O I data)) + 2K 
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where log(L(0 I data)) is the value of the maximised log-likelihood over the unknown 

parameters (0), given the data and the model, and K is the number of estimable 

parameters in that approximating model (Burnham and Anderson 2001). 

Parameter selection to build fire frequency models was conducted through a 

logical process. In order to clarify different contributive levels from the variables to 

the models, estimations on two categories of model were carried out first: models with 

landscape features as explanatory variables were derived. Then additional models 

including anthropogenic variables and the best landscape model were run. 

Furthermore, because in different periods of dry season, the proportion of the area 

burned and patchwork pattern demonstrate significantly variations (see Chapter Four 

and Chapter Five), I derived fire frequency models in each period of the dry season 

and separately, a model pooling observation across seasons. 

7.2.3. 1. Models determined by landscape variables 

Examinations of landscape variables in different periods and the dry season as a 

whole were undertaken, with vegetation, elevation and their interaction as the first 

potential model. Then, respectively adding other parameters, such as slope, aspect and 

Euclidean distance to river, and interactions between vegetation and these landscape 

variables to build possible models was carried out (Table 7.01). In these procedures, 

vegetation covers were identified and selected in each examination as one of the 

determinants of fire incidence as influences and flammability vary in different 

vegetation types and hence influence probability of ignition and fire behaviour 

(including spread) once ignition has occurred. Also, it is plausible that some 

vegetation types present barriers to fire (e.g. wetland vegetation in the early dry 

season). In these examinations, selected interactions were all between vegetation and 

other variables. 

Besides vegetation, as described above for each parameter, elevation, slope, 

aspect and Euclidean distance to rivers are also the attributes that define the physical 

structure of the environment and are expected to influence fire behaviour in a wide 

range of environments. Because the influence of vegetation on fire is superimposed 
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Table 7.01. Summary of binomial distribution analysis of a priori models examining fire frequency with landscape variable in different 

periods of the dry season with GIS dataset. 

There were 8 023 random cells selected (n = 8 023). Model selection was based the change in residual deviance from the Null model using a 

Chi-square test, and delta Akaike's Information Criterion (AAIC). Models with AAIC less than 7 can still be considered as nearly fitted. All 

values of change in deviance in models are statistically significant (P < 0.005). The model with the smallest AIC is subtracted by the others and 

considered as the best model. 

Model Parameter(s) Change in d.f. deviance Change in deviance A AIC 

Early dry season 

Null 8 022 7864 - - 

1 Vegetation, elevation and their interaction 13 7726 138 0 

2 Model 1, slope and their interactions 20 7717 147 6 

3 Model 2, aspect and their interactions 33 7685 179 15 

4 Model 3, Euclidean distance to river and their interactions 48 7673 191 17 

Middle dry season 

Null 8022 12999 - - 

1 Vegetation, elevation and their interaction 13 12 622 377 62 

2 Model 1, slope and their interactions 20 12 614 385 68 

3 Model 2, aspect and their interactions 33 12 573 426 69 

4 Model 3, Euclidean distance to river and their interactions 48 12 490 509 0 
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late dry season 

Null 8022 8483 - - 

1 Vegetation, elevation and their interaction 13 8317 166 4 

2 Model 1, slope and their interactions 20 8300 183 0 

3 Model 2, aspect and their interactions 33 8288 195 31 

4 Model 3, Euclidean distance to river and their interactions 48 8284 199 41 

Dry season as a whole 

Null 8022 10763 - - 

1 Vegetation, elevation and their interaction 13 10 498 256 103 

2 Model 1, slope and their interactions 20 10 456 307 75 

3 Model 2, aspect and their interactions 33 10 421 342 81 

4 Model 3, Euclidean distance to river and their interactions 48 10 325 438 0 

- 225 - 



Chapter 7 Biophysical and anthropogenic influences on fire patterns - implications for management 

on those physical bases, interactions between vegetation and those parameters were 

tested. 

All potential models are tested and compared to find the best model describing 

fire frequency in each period or the dry season as a whole, through comparing AICs. 

In this process, the model for which AIC is minimal is selected as best for the 

empirical data at hand (Burnham and Anderson 2001). The rest models can be easily 

ranked by delta AICs. 

AAIC1  = AIC, - minAiC 

The larger the AAIC,, the less plausible is fitted model i as being the best 

approximating model in the candidate set. Some simple rules are often applied in 

assessing the relative fitness in the set: models with AAICI  < 2 are substantially 

supported; those with 4 < AAIC1  < 7 are less supported; models with AAIC1 > 10 are 

essentially not supported. 

7.2.3.2. Models determined by both landscape and ant hropo genie variables 

Fire patterns are shaped not only by landscape parameters but also by 

anthropogenic aspects. This study differs from fire studies in adjoining national parks 

(Russell-Smith et al. 1997, Gill ci al. 1999, Edwards et al. 2001) in encompassing a 

variety of land use types, such as pastoral and crown land, which may create a 

different character of human influence on fire patterns. Fire frequency models built 

with both landscape and anthropogenic variables were examined as tabulated in Table 

7.02. Anthropogenic variables, including Euclidean distance to road system and land 

use types were added to examine whether they improved models based on landscape 

characteristics alone. 

Two combinations of landscape and anthropogenic parameters were examined, 

including a candidate suite of landscape variables selected above. One of them 

included the anthropogenic parameter land use types and interactions between land 

use and landscape parameters, such as vegetation, slope and elevation. Examination of 

interaction between landscape features and land use categories were considered 
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Table 7.02. Summary of binomial distribution analysis of a priori models examining fire frequency with landscape and anthropogenic 

variables in different periods of the dry season with GIS dataset. 

There were 8 023 random cells selected (n = 8 023). Model selection was based the change in residual deviance from the Null model using a 

Chi-square test, and delta Akaik&s Information Criterion (AAIC). All values of change in deviance in models are significant (P < 0.005). The 

model with the smallest AIC is subtracted by the others and considered as the best model. 

Model Parameter(s) Change in d.f. deviance Change in deviance AIC 

Early dry season 

Null 8022 7864 - - 

1 Selected landscape variables, land use, interaction between land use and 41 7466 398 11514 

vegetation, interaction between land use and slope and interaction between 

land use and elevation 

2 Selected landscape variables, land use, Euclidean distance (ED) to road, 

interaction between land use and ED to road and interaction between 

vegetation and ED to road 

Middle dry season 

Null  

26 7384 480 11403 

8022 12999 

1 Selected landscape variables, land use, interaction between land use and 75 12269 730 23 289 

vegetation, interaction between land use and slope and interaction between 

land use and elevation 
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2 Selected landscape variables, land use, land use, Euclidean distance 61 11769 1 230 22 761 

(ED) to road, interaction between land use and ED to road and interaction 

between vegetation and ED to road 

late dry season 

Null 

1 Selected landscape variables, land use, interaction between land use and 

vegetation, interaction between land use and slope and interaction between 

land use and elevation 

2 Selected landscape variables, land use, Euclidean distance 

(ED) to road, interaction between land use and ED to road and interaction 

between vegetation and ED to road 

Dry season as a whole 

Null 

1 Selected landscape variables, land use, interaction between land use and 

vegetation, interaction between land use and slope and interaction between 

land use and elevation 

2 Selected landscape variables, land use, land use, Euclidean distance 

(ED) to road, interaction between land use and ED to road and interaction 

between vegetation and ED to road 

8022 8483 

47 8024 459 15840 

33 8184 299 15972 

8022 10763 - - 

75 10 104 659 28 041 

61 9785 978 27 694 
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necessary, because land use allocation may be influenced by topographic and other 

features. 

The other combined candidate models tested anthropogenic variables in both land 

use and Euclidean distance to road and two interactions, including distance to road 

and land use and distance to road and vegetation. These interactions tested looked at 

Euclidean distance to road in different classifications of land which are land use types 

and vegetation types. The interaction between two anthropogenic variables reflects 

the relationship between the proximal distance of fire occurrence to road and different 

land use types, because accessibilities vary in different land use. Are dry season fire 

management practices in different land use types influenced by distance to road 

system, or not? In other words, are the road accessibilities to the bush influencing fire 

frequency/probability distribution differently in different land use types, or not? Not 

only this interaction, but also the flammability of different vegetation types, which 

affect fire patterning by interacting with the distance to road system, is of interest. The 

modelling analysis carried out could examine the contribution of these variables' 

interaction. 

7.2.3.3. The selection and assessment of models and parameters 

Two criteria, including AIC and change of deviance were used to select the best 

fitted model and evaluate the relative importance of environmental parameters in the 

selected model. In the examinations of four sets of candidate models with landscape 

variables in each period of the dry season and the dry season as a whole, the model 

with the minimum delta AIC was considered as the best fitted model. For the 

candidate model sets combined with landscape and anthropogenic variables, a 

comparison of two a priori models was undertaken and hence the model with the 

smaller AIC value was regarded as the best. 

In the light of the changes of deviance which is the difference between the null 

model and the tested one, the proportion of the variance explained is evaluated, so that 

the model supported weakly or strongly can be clarified. Delta AIC reflects the model 

fitness statistically, whereas the change of deviance reveals the rationality of the 
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candidate model built with environmental variables. The larger the change of 

deviance is, the stronger the candidate model is supported. 

7.3. Results 

7.3.1. Candidate sets determined by landscape variables 

Table 7.01 shows the set of candidate models built by landscape variables in the 

three periods of the dry season and the dry season as a whole. There is not a standard 

landscape variable suite that fits for every study period, indicating fire behaviour and 

patterning are shaped by different landscape parameters in different periods of the dry 

season. 

Early Dry Season 

In the early dry season, a model comprising two landscape variables, namely 

vegetation and elevation and their interaction, was strongly supported as the best 

candidate landscape model. It indicates that topographic parameters, such as slope, 

aspect and Euclidean distance to river tend to have less or no influence on fire 

patterning in the early dry season, in which period vegetation covers as the main fuel 

are still uniformly wet. 

Middle Dry Season and Dry Season as a Whole 

The best model in the set of candidate landscape variable suites in the middle dry 

season and the dry season as a whole includes all selected landscape variables and 

interactions between vegetation and the other variables. It indicates that all available 

landscape parameters and vegetation-based interactions examined tend to influence 

fire patterns when looking at the study periods of the middle dry season or whole dry 

season. In these two study periods, interactions between vegetation and other 

landscape variables contributed to the best corporations in these two sets of candidate 

suites, indicating that fire effects produced by topographic features and distance to 

river vary between vegetation types. Best supported suites of landscape variables in 

these two study periods are the suites that can explain greatest proportions of variation 
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in terms of landscape variables (around 4%), even though both models are also 

statistically best supported. 

Late Dry Season 

In the late dry season, based on delta AICs the best model was selected, which 

includes three parameters, such as vegetation, elevation and slope, and interactions 

between vegetation and the other two as the best supported in the set of candidate 

corporations. Models with parameters including aspect and Euclidean distance to river 

were not supported as their delta AICs are larger than 10, suggesting that aspect and 

proximity to river are not parameters that influence fire incidence in the late dry 

season. However, change in deviance in this suite indicates that it is still a weak 

model as just 2.2% of variation has been explained. The model with vegetation and 

elevation has a relatively smaller delta AIC being considerably supported, but its 

change in deviance is the smallest even though it tends to be statistically supported. 

7.3.2. Models determined by both landscape and anthropogenic variables 

Results for the set of candidate models including selected landscape variables and 

anthropogenic variable(s) for each study periods and the dry season as a whole are 

shown in Table 7.02. Only in the set of candidate models testing data obtained in the 

late dry season was a model not including Euclidean distance to road best supported. 

In contrast, for the sets of candidate models for the other three study periods, models 

including both of the anthropogenic variables, land use types and Euclidean distance 

to road, were supported. It suggests that the anthropogenic variable, Euclidean 

distance to road, does not contribute to fire patterning in the late dry season, but 

influences fire patterning in the early and middle dry season and the dry season as a 

whole. 

On the other hand, the middle dry season and the dry season as a whole not only 

have the same best landscape model, but also their best models have the same 

anthropogenic variables and interactions. For the early dry season, even though its 

best model encompasses the same set of anthropogenic variables and interactions with 

the middle dry season and the dry season as a whole, the best selected landscape 

variable set is different just with vegetation, elevation and their interaction. It is 
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noticeable that the changes of deviance are still not able to explain more than a small 

proportion of deviance. 

After modelling analysis in the R program, every model in the sets of candidate 

models in three periods of the dry season and the dry season as a whole, no matter 

how many parameters are involved in, produces regression coefficients for each 

variable or each factor of the variable that is categorised. It is noticeable that for a 

categorised variable the first category is set as the referent in default. Also, in the R 

program, standard errors of the coefficient and estimates of significant levels for the 

coefficient are computed. For the best supported models in the early, mid, late dry 

season and dry season as a whole, estimated coefficients are tabulated in Table 7.03, 

7.04, 7.05 and 7.06. Some selected interactions between Euclidean distance to road 

and vegetation and land use type or elevation and vegetation and land use type are 

demonstrated in Figure 7.02 to 7.08. 

7.4. Discussion and Conclusion 

7.4.1. Contributions of environment variable models to fire patterning 

Fire frequency modelling analysis in the present study is applied to empirical data 

acquired from remote sensing interpretation and GIS manipulation. The purpose of 

the modelling analysis is not an attempt to find the 'true model', but a best 

approximating fitted model is expected to be selected to give an reasonable 

approximation to the interpretable information for the data (Bumham and Anderson 

1998). This analysis includes the thoughtful building of a priori models, model 

selection and parameter estimation, based on a fundamental measure, the Kullback-

Leibler distance. These models indicate those environmental and anthropogenic 

variables that were significantly associated with variation in fire frequency. However, 

it should be noted that the change in deviance in the best models was relatively small 

(only up to 10%). It is likely that some important but unknown environmental or other 

variable(s) is missing from this modelling analysis. 
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Table 7.03. Coefficients characterising landscape and anthropogenic parameters 
to fire frequency/probability in early dry season 
The best model describing the distribution of fire frequency/probability includes landscape 
variables, such as vegetation cover, elevation and anthropogenic variables, land use and 
Euclidean distance to road. Acronyms of vegetation categories are the same as Chapter 3. 

Estimate Std. Error Z value P 

Intercept -0.2 179 0.3985 - 0.547 NS 

Vegetation MF Referent 

Vegetation ELBW -1.4946 0.5345 -2.796 <0.001 

Vegetation ETTW -1.8767 0.4285 -4.379 <0.000 

Vegetation EPW -1.5240 0.4343 -3.509 <0.000 

Vegetation ETDW -0.9846 0.4557 -2.16 1 <0.01 

Vegetation EMTW -1.1139 0.4200 -2.652 <0.001 

Vegetation ETMW -1.6873 0.4703 -3.587 <0.000 

Elevation -0.0085 0.0017 -4.9 18 <0.000 

Reserves and Aboriginal land (RAL) Referent 

Crown land (CL) 0.2375 0.1192 1.993 <0.01 

Pastoral lease land (PLL) -0.6332 0.0697 -9.084 <0.000 

Urban land (UL) -1.5862 0.2725 -5.822 <0.000 

Euclidean Distance (ED) to road -0.0657 0.0206 -3.182 <0.001 

Interaction of MF and elevation Referent 

Interaction of ELBW and elevation 0.0039 0.0026 1.492 NS 

Interaction of ETTW and elevation 0.0060 0.0019 3.089 <0.01 

Interaction of EPW and elevation 0.0053 0.0020 2.627 <0.01 

Interaction of ETDW and elevation 0.0009 0.0022 0.425 NS 

Interaction of EMTW and elevation 0.0023 0.0019 1.214 NS 

Interaction of ETMW and elevation 0.0059 0.0023 2.600 <0.01 

Interaction of RAL and ED to road Referent 

Interaction of CL and ED to road -0.1948 0.0466 -3.984 <0.001 

Interaction of PLL and ED to road 0.0460 0.0226 2.138 <0.05 

Interaction of UL and ED to road -0.1764 0.1949 -0.958 NS 

Interaction of MF and ED to road Referent 

Interaction of ELBW and ED to road 0.0196 0.0336 0.584 NS 

Interaction of ETTW and ED to road 0.0080 0.0248 0.322 NS 

Interaction of EPW and ED to road -0.0541 0.0285 -1.896 NS 

Interaction of ETDW and ED to road -0.0079 0.0299 -0.266 NS 

Interaction of EMTW and ED to road -0.0 136 0.0237 -0.573 NS 

Interaction of ETMW and ED to road 0.0171 0.0312 0.548 NS 
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Table 7.04. Coefficients characterising landscape and anthropogenic parameters 
to fire frequency/probability in middle dry season. 
The best model describing the distribution of fire frequency includes landscape variables, 
such as vegetation cover, elevation, slope, aspect and Euclidean distance to roads, 
anthropogenic variables, such as Euclidean distance to road and land use types. Acronyms of 
vegetation are the same as Chapter 3. 

Estimate Std. Error Z value P 

Intercept -0.5322 0.6201 -0.858 NS 

Vegetation MF Referent 

Vegetation ELBW 0.2714 0.6723 0.404 NS 

Vegetation ETTW -0.1283 0.6336 -0.203 NS 

Vegetation EPW 0.2434 0.6323 0.385 NS 

Vegetation ETDW -0.4877 0.6369 -0.766 NS 

Vegetation EMTW -0.1694 0.6269 -0.270 NS 

Vegetation ETMW -0.2438 0.6526 -0.374 NS 

Elevation -0.0076 0.0012 -6.100 <0.000 

Slope 0.0225 0.0207 1.082 NS 

Aspect 1, south-east 0°-90° Referent 

Aspect 2,east-north9l°-180° 0.4056 0.6172 0.657 NS 

Aspect 3, north-west 181°-270° 0.7587 0.5761 1.317 NS 

Aspect 4, west-south 2710-3600  1.0708 0.5357 1.999 <0.05 

Euclidean distance (ED)to river 0.1145 0.0412 2.778 <0.001 

Reserves and Aboriginal land (RAL) Referent 

Crown land (CL) 0.0041 0.0767 0.053 NS 

Pastoral lease land (PLL) -0.3985 0.0388 -10.278 <0.000 

Urban land (UL) -0.6927 0.1051 -6.589 <0.000 

ED to road -0.0762 0.0169 -4.515 <0.000 

Interaction of MF and elevation Referent 

Interaction of ELBW and elevation 0.0026 0.0016 1.625 NS 

Interaction of ETTW and elevation 0.0039 0.0013 2.803 <0.001 

Interaction of EPW and elevation 0.0042 0.0014 3.088 <0.001 

Interaction of ETDW and elevation 0.0077 0.0015 5.307 <0.000 

Interaction of EMTW and elevation 0.0041 0.0013 3.069 <0.001 

Interaction of ETMW and elevation 0.0067 0.0015 4.402 <0.000 

Interaction of MF and slope Referent 

Interaction of ELBW and slope -0.0373 0.0257 -1.479 NS 

Interaction of ETTW and slope -0.0 133 0.0223 -0.594 NS 
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Interaction of EPW and slope -0.0176 0.0221 -0.797 NS 

Interaction of ETDW and slope -0.0264 0.0223 -1.188 NS 

Interaction of EMTW and slope -0.0138 0.0214 -0.648 NS 

Interaction of ETMW and slope -0.0290 0.0253 -1.143 NS 

Interaction of MF and Aspect 2 Referent 

Interaction of ELBW and Aspect 2 0.0826 0.6766 0.122 NS 

Interaction of ETTW and Aspect 2 -0.3558 0.6330 -0.562 NS 

Interaction of EPW and Aspect 2 -0.5790 0.6302 -0.9 19 NS 

Interaction of ETDW and Aspect 2 -0.4153 0.6311 -0.658 NS 

Interaction of EMTW and Aspect 2 -0.2476 0.6234 -0.397 NS 

Interaction of ETMW and Aspect 2 -0.5258 0.6520 -0.806 NS 

Interaction of MF and Aspect 3 Referent 

Interaction of ELBW and Aspect 3 -0.3071 0.6300 -0.488 NS 

Interaction of ETTW and Aspect 3 -0.8 103 0.5940 -1.364 NS 

Interaction of EPW and Aspect 3 -0.8504 0.5897 -1.442 NS 

Interaction of ETDW and Aspect 3 -0.58 12 0.5920 -1.982 NS 

Interaction of EMTW and Aspect 3 -0.6071 0.5832 -0.041 NS 

Interaction of ETMW and Aspect 3 -0.8818 0.6161 -1.431 NS 

Interaction of MF and Aspect 4 Referent 

Interaction of ELBW and Aspect 4 -0.8978 0.5748 -1.562 NS 

Interaction of ETTW and Aspect 4 -0.8546 0.5470 -1.562 NS 

Interaction of EPW and Aspect 4 -1.1825 0.5443 -2.172 <0.01 

Interaction of ETDW and Aspect 4 -1.1501 0.5452 -2.109 <0.01 

Interaction of EMTW and Aspect 4 -0.9073 0.5403 -1.679 <0.05 

Interaction of ETMW and Aspect 4 -0.8348 0.5595 -1.492 NS 

Interaction of MF and ED to river Referent 

Interaction of ELBW and ED to river -0.0833 0.0489 -1.703 <0.05 

Interaction of ETTW and ED to river -0.0366 0.0437 -0.838 NS 

Interaction of EPW and ED to river -0.0709 0.0433 -1.637 NS 

Interaction of ETDW and ED to river -0.0651 0.0440 -1.478 NS 

Interaction of EMTW and ED to river 0.0328 0.0423 -0.776 NS 

Interaction of ETMW and ED to river -0.0760 0.0470 -1.618 NS 

Interaction of RAL & ED to road Referent 

Interaction of CL & ED to road -0.04 19 0.0262 -1.603 NS 

Interaction of PLL & ED to road -0.0005 0.0128 0.039 NS 

Interaction of UL & ED to road 0.1931 0.0538 3.587 <0.000 
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Interaction of MF and ED to road Referent 

Interaction of ELBW and ED to road -0.0267 0.0230 -1.162 NS 

Interaction of ETTW and ED to road -0.0134 0.0186 -0.719 NS 

Interaction of EPW and ED to road -0.0 182 0.0195 -0.932 NS 

Interaction of ETDW and ED to road -0.0 174 0.0200 -0.872 NS 

Interaction of EMTW and ED to road 0.0029 0.0179 0.161 NS 

Interaction of ETMW and ED to road -0.0335 0.0232 -1.440 NS 
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Table 7.05. Coefficients characterising both landscape and anthropogenic 
parameters to fire probability/frequency in late dry season 

The best model describing the distribution of fire probability includes landscape 
variables, such as vegetation cover, elevation and slope, anthropogenic variables, such 
as Euclidean distance to road and land use categories. Acronyms of vegetation are the 
same as Chapter 3. 

Estimate Std. Error Z value P 

Intercept -1.8518 0.3812 -4.858 <0.000 

Vegetation MF Referent 

Vegetation ELBW -0.9467 0.5051 -1.874 <0.05 

Vegetation ETTW -1.0301 0.4114 -2.504 <0.01 

Vegetation EPW -0.7830 0.4163 -1.881 <0.05 

Vegetation ETDW -0.9000 0.4385 -2.052 <0.01 

Vegetation EMTW -0.3777 0.3989 -0.947 NS 

Vegetation ETMW -0.4432 0.4741 -0.935 NS 

Elevation -0.0008 0.0015 0.514 NS 

Slope -0.0041 0.0162 -0.253 NS 

Reserves and Aboriginal land (RAL) Referent 

Crown land (CL) 2.3206 0.5477 4.237 <0.000 

Pastoral lease land (PLL) -0.6281 0.4090 -1.536 NS 

Urban land (UL) -4.0368 0.7371 -5.477 <0.000 

Interaction of MF and elevation Referent 

Interaction of ELBW and elevation 0.0023 0.0020 1.123 NS 

Interaction of ETTW and elevation 0.0025 0.0016 1.589 NS 

Interaction of EPW and elevation 0.0009 0.0017 0.570 NS 

Interaction of ETDW and elevation -0.0002 0.0019 -0.116 NS 

Interaction of EMTW and elevation -0.0004 0.0016 -0.236 NS 

Interaction of ETMW and elevation 0.0003 0.0020 0.134 NS 

Interaction of MF and slope Referent 

Interaction of ELBW and slope 0.0209 0.0237 0.883 NS 

Interaction of ETTW and slope 0.0196 0.0182 1.076 NS 

Interaction of EPW and slope 0.0120 0.0179 0.674 NS 

Interaction of ETDW and slope 0.0242 0.0186 1.303 NS 

Interaction of EMTW and slope 0.0086 0.0170 0.508 NS 

Interaction of ETMW and slope -0.0617 0.0356 -1.736 <0.05 
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Interaction of MF and CL Referent 

Interaction of ELBW and CL -0.1757 0.5909 -0.297 NS 

Interaction of ETTW and CL -0.4735 0.5147 -0.920 NS 

Interaction of EPW and CL -0.6515 0.5142 -1.267 NS 

Interaction of ETDW and CL -0.7863 0.5127 -1.534 NS 

Interaction of EMTW and CL -0.2774 0.4872 -0.569 NS 

Interaction of ETMW and CL -1.4349 0.5829 -2.462 <0.01 

Interaction of MF and PLL Referent 

Interaction of ELBW and PLL 0.7651 0.4292 1.783 <0.05 

Interaction of ETTW and PLL 0.6593 0.3952 1.669 <0.05 

Interaction of EPW and PLL 0.5400 0.3934 1.373 NS 

Interaction of ETDW and PLL 0.6708 0.3963 1.693 <0.05 

Interaction of EMTW and PLL 0.5835 0.3883 1.503 NS 

Interaction of ETMW and PLL 0.2080 0.4111 0.506 NS 

Interaction of MF and UL Referent 

Interaction of ELBW and UL -0.5245 0.8803 -0.596 NS 

Interaction of ETTW and UL 0.4066 0.6495 0.626 NS 

Interaction of EPW and UL 0.2410 0.6362 0.379 NS 

Interaction of ETDW and UL 0.3846 0.6585 0.584 NS 

Interaction of EMTW and UL 0.3242 0.6164 0.526 NS 

Interaction of ETMW and UL 0.3548 0.7238 0.490 NS 

Interaction of slope and RAL Referent 

Interaction of slope and CL 0.0210 0.0120 1.754 <0.05 

Interaction of slope and PLL 0.0019 0.0079 0.254 NS 

Interaction of slope and UL -0.0231 0.0476 -0.486 NS 

Interaction of elevation and RAL Referent 

Interaction of elevation and CL -0.0131 0.0022 -6.0 17 <0.000 

Interaction of elevation and PLL 0.0015 0.0008 1.735 <0.05 

Interaction of elevation and UL 0.0393 0.0039 10.030 <0.000 
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Table 7.06. Coefficients characterising landscape and anthropogenic parameters 
to fire frequency/probability in whole dry season. 

The best model describing the distribution of fire frequency includes landscape variables, 
such as vegetation cover, elevation, slope, aspect and Euclidean distance to roads, 
anthropogenic variables, such as Euclidean distance to road and land use types. Acronyms of 
vegetation are the same as Chapter 3. 

Estimate Std. Error Z value P 

Intercept -0.7745 0.2831 -2.73 6 <0.001 

Vegetation MF Referent 

Vegetation ELBW -0.8081 0.3403 -2.375 <0.01 

Vegetation ETTW -0.8688 0.2961 -2.934 <0.001 

Vegetation EPW -0.71 16 0.2971 -2.395 <0.01 

Vegetation ETDW -1.1434 0.3029 -3.775 <0.000 

Vegetation EMTW -0.8294 0.2904 -2.856 <0.001 

Vegetation ETMW -0.5900 0.3181 -1.855 <0.05 

Elevation -0.0042 0.0008 -5.511 <0.000 

Slope 0.0359 0.0133 2.699 <0.001 

Aspect 1, south-east 0°-90° Referent 

Aspect 2,east-north91°-180° -0.4668 0.3042 -1.534 NS 

Aspect 3, north-west I81°-270° -0.3879 0.2602 -1.491 NS 

Aspect 4, west-south 27103600 0.0940 0.2229 0.422 NS 

Euclidean distance (ED) to river 0.0905 0.0245 3.701 <0.000 

Reserves and Aboriginal land (RAL) Referent 

Crown land (CL) 0.2427 0.0528 4.601 <0.000 

Pastoral lease land (PLL) -0.2086 0.0279 -7.487 <0.000 

Urban land (UL) -0.4226 0.0775 -5.450 <0.000 

ED to road -0.0684 0.0108 -6.3 17 <0.000 

Interaction of MF and elevation Referent 

Interaction of ELBW and elevation 0.0014 0.0010 1.319 NS 

Interaction of ETTW and elevation 0.0027 0.0008 3.215 <0.001 

Interaction of EPW and elevation 0.0024 0.0009 2.727 <0.001 

Interaction of ETDW and elevation 0.0046 0.0010 4.845 <0.000 

Interaction of EMTW and elevation 0.0023 0.0008 2.896 <0.001 

Interaction of ETMW and elevation 0.0029 0.0010 2.919 <0.001 
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Interaction of MF and slope Referent 

Interaction of ELBW and slope -0.0338 0.0160 -2.110 <0.01 

Interaction of ETTW and slope -0.0241 0.0143 -1.689 <0.05 

Interaction of EPW and slope -0.0456 0.0147 -3.110 <0.001 

Interaction of ETDW and slope -0.0386 0.0149 -2.587 <0.001 

Interaction of EMTW and slope -0.0194 0.0137 -1.418 NS 

Interaction of ETMW and slope -0.0350 0.0160 -2.183 <0.01 

Interaction of MF and Aspect 2 Referent 

Interaction of ELBW and Aspect 2 0.6315 0.3768 1.676 <0.05 

Interaction of ETTW and Aspect 2 0.4085 0.3184 1.283 NS 

Interaction of EPW and Aspect 2 0.6381 0.3175 2.010 <0.01 

Interaction of ETDW and Aspect 2 0.4067 0.3188 1.276 NS 

Interaction of EMTW and Aspect 2 0.4230 0.3106 1.362 NS 

Interaction of ETMW and Aspect 2 0.4189 0.3337 1.255 NS 

Interaction of MF and Aspect 3 Referent 

Interaction of ELBW and Aspect 3 0.7140 0.3277 2.179 <0.01 

Interaction of ETTW and Aspect 3 0.3767 0.2757 1.367 NS 

Interaction of EPW and Aspect 3 0.4478 0.2758 1.624 NS 

Interaction of ETDW and Aspect 3 0.2762 0.2806 0.984 NS 

Interaction of EMTW and Aspect 3 0.4324 0.2674 1.617 NS 

Interaction of ETMW and Aspect 3 0.2451 0.2964 0.827 NS 

Interaction of MF and Aspect 4 Referent 

Interaction of ELBW and Aspect 4 0.2292 0.2748 0.834 NS 

Interaction of ETTW and Aspect 4 -0.1626 0.2344 -0.694 NS 

Interaction of EPW and Aspect 4 -0.1102 0.2338 -0.471 NS 

Interaction of ETDW and Aspect 4 -0.1569 0.2337 -0.672 NS 

Interaction of EMTW and Aspect 4 -0.0861 0.2283 -0.377 NS 

Interaction of ETMW and Aspect 4 -0.1998 0.2486 -0.804 NS 

Interaction of MF and ED to river Referent 

Interaction of ELBW and ED to river -0.1102 0.0314 -3.506 <0.000 

Interaction of ETTW and ED to river -0.0 137 0.0262 -0.524 NS 

Interaction of EPW and ED to river -0.0587 0.0262 -2.244 <0.01 

Interaction of ETDW and ED to river -0.0693 0.0270 -2.566 <0.01 

Interaction of EMTW and ED to river -0.0336 0.0253 -1.326 NS 

Interaction of ETMW and ED to river -0.07 15 0.0287 -2.490 <0.01 
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Interaction of RAL & ED to road Referent 

Interaction of CL & ED to road -0.0766 0.0184 -4.157 <0.000 

Interaction of PLL & ED to road 0.0063 0.0090 0.698 NS 

Interaction of UL & ED to road 0.1370 0.0371 3.697 <0.000 

Interaction of MF and ED to road Referent 

Interaction of ELBW and ED to road 0.0503 0.0142 3.535 <0.000 

Interaction of ETTW and ED to road 0.0173 0.0120 1.445 NS 

Interaction of EPW and ED to road 0.0075 0.0127 0.586 NS 

Interaction of ETDW and ED to road 0.0059 0.0137 0.430 NS 

Interaction of EMTW and ED to road 0.0248 0.0116 2.144 <0.01 

Interaction of ETMW and ED to road 0.0192 0.0155 1.243 NS 
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Figure 7.02. Fire frequency recorded in early dry season in different vegetation 
types and its relationship to Euclidean distance to road in the six-year period. 
The vegetation types are (a) MF (b) ELBW (c) ETTW (d) EPW (e) ETDW (t) EMTW 
(g) ETMW. Acronyms of vegetation types are the same as those in Chapter Three. 
Horizontal dashed illustrates the range of Euclidean distance to road. Horizontal bar 
shows the standard errors of mean Euclidean distance to road in different fire 
frequency level, indicating average distance to road fire occurred. The unit in 
Euclidean distance to road is metre. 
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Figure 7.03. Fire frequency recorded in early dry season in different land use types and its relationship to Euclidean distance to road in 
the six-year period. 
The land use types are (A) reserves and Aboriginal land (B) government crown land (C) pastoral leased land (D) urban land. Horizontal dashed 
illustrates the range of Euclidean distance to road in which fire were recorded. Horizontal bar shows the standard errors of mean Euclidean 
distance to road in different fire frequency level, indicating average distance to road fire occurred. The unit in Euclidean distance is metre. 
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Figure 7.04. Fire frequency recorded in middle dry season in different vegetation 
types and its relationship to Euclidean distance to road in the six-year period. 
The vegetation types are (a) MF (b) ELBW (c) ETTW (d) EPW (e) ETDW (I) EMTW 
(g) ETMW. Acronyms of vegetation types are the same as those in Chapter three. 
Horizontal dashed illustrates the range of Euclidean distance to road. Horizontal bar 
shows the standard errors of mean Euclidean distance to road in different fire 
frequency level, indicating average distance to road fire occurred. The unit in 
Euclidean distance to road is metre. 
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Figure 7.05. Fire frequency recorded in middle dry season in different land use types and its relationship to Euclidean distance to road 
in the six-year period. 
The land use types are (A) reserves and Aboriginal land (B) government crown land (C) pastoral leased land (D) urban land. Horizontal dashed 
illustrates the range of Euclidean distance to road in which fire were recorded. Horizontal bar shows the standard errors of mean Euclidean 
distance to road in different fire frequency level, indicating average distance to road fire occurred. The unit in Euclidean distance to road is 
metre. 
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Figure 7.06. Fire frequency recorded in late dry season in different land use types and its relationship to elevation in the six-year period. 
The land use types are (A) reserves and Aboriginal land (B) government crown land (C) pastoral leased land (D) urban land. Horizontal dashed 
illustrates the range of Euclidean distance to road in which fire were recorded. Horizontal bar shows the standard errors of mean Euclidean 
distance to road in different fire frequency level, indicating average distance to road fire occurred. The unit in elevation is metre. 
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Figure 7.07. Fire frequency recorded in the dry season as a whole in different land use types and its relationship to Euclidean distance to 
road in the six-year period. 
The land use types are (A) reserves and Aboriginal land (B) government crown land (C) pastoral leased land (D) urban land. Horizontal dashed 
illustrates the range of Euclidean distance to road in which fire were recorded. Horizontal bar shows the standard errors of mean Euclidean 
distance to road in different fire frequency level, indicating average distance to road fire occurred. The unit in Euclidean distance to road is 
metre. 

-247- 



-5000 0 5000 10000 15000 20000 25000 30000 
Euclidean Distance to Road (a) 

-5000 0 5000 10000 15000 20000 25000 30000 

Euclidean Distance to Road 

() 

Chapter 7 I3iophysical and anthropogenic influences on fire patterns - implications for ntanagement 

9 

----------------- 

i
i 
 

-5000 0 5000 10000 15000 20000 25000 30000 

Euclidean Distance to Road (b) 

------- ------- 

---------------------- 

L_____ 
-5000 0 5000 10000 15000 20000 25000 30000 

Euclidean Distance to Road (ci) 

-5000 0 5000 10000 15000 20000 25000 30000 -5000 0 5000 10000 15000 20000 25000 30000 

Euclidean Distance to Road Euclidean Distance to Road 
(e) (I) 

9 

6 

-5000 0 5000 10000 15000 20000 25000 30000 

Euclidean Distance to Road (g) 

Figure 7.08. Fire frequency recorded in dry season as a whole in different 
vegetation types and its relationship to Euclidean distance to road in the six-year 
period. 
The vegetation types are (a) MF (b) ELBW (c) ETTW (ci) EPW (e) ETDW (/) EMTW 
(g) ETMW. Acronyms of vegetation types are the same as those in Chapter three. 
Horizontal dashed illustrates the range of Euclidean distance to road. Horizontal bar 
shows the standard errors of mean Euclidean distance to road in different fire 
frequency level, indicating average distance to road fire occurred. The unit in 
Euclidean distance to road is metre. 
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The inference developed through the result of the modelling analysis and 

parameter evaluation on data acquired in the early dry season is that landscape factors 

tend to be less influential for fire patterns in the study region in this time of the year. 

There are four examined environment variables that contribute to the formation of fire 

pattern, but only two of the landscape variables vegetation and elevation were found 

contributing. On the other hand, both of the tested anthropogenic parameters show 

contributing to the formation of early dry season fire patterns, including their 

interactions. 

In the mid-dry season data, all examined environmental variables contributed to 

the best model for the patterning of fires. Fire patterns in the middle dry season are 

shaped by all examined landscape and anthropogenic variables. In Chapter Four, fire 

mapping result indicates that the proportion of the area burned in middle dry season 

plateaus from June to August (Figure 4.03, 4.04). Landscape metrics analysis in 

Chapter Six also shows a peak number of patches in both fire scars and fire-induced 

vegetation covers in the middle dry season (Figure 6.02, 6.05). In comparing patterns 

of association with landscape variables in early and mid dry season, it should be noted 

that the proportion of area burned in the early dry season is small. Because confined 

to a small proportion of the study area, there is less environmental variation 

encompassed and less scope for variation in frequency of burning to be attributed to 

features of the landscape. Burning is most common close to centres of human activity 

and because fire spread is limited, environmentally mediated variation is less often 

detailed. 

In contrast, the middle dry season is the period of greatest fire activity. Fire scars 

are not individually larger, but there are many more of them. There is much greater 

scope for patterning due to landscape variables to be detected, to a limited degree, and 

quantified. Despite the greater incidence of fire and likelihood of greater spread from 

one, it is still possible to detect the effects of human activity. 

In the late dry season, slope was found to contribute to the fire frequency model 

as one more landscape parameter not in the early dry season, while just one of two 

examined anthropogenic parameters contributed to the fire frequency model, which is 
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land use. In this period of the dry season, the proportion of area burned and 

fragmentation were in the middle level between early and middle dry season (see 

Chapter Five and Six). However, Euclidean distance to road was not involved in the 

best supported model, indicating after the extensive fire of the preceding parts of the 

dry season, fewer sites close to roads contained fuel to support fire, reducing the 

effects of ease of access on fire incidence. 

7.4.2. Environment parameter effects 

74.2.1. Early dry season effects of environmental parameters 

In the best supported model of the early dry season, estimated regression 

coefficients of parameters contributing to the model are listed in Table 7.03. Relative 

to vegetation MF, all of other vegetation categories produced negative coefficients. It 

shows that compared with vegetation category MF, fire frequencies/probabilities in 

the other vegetation classes are reduced. This is slightly different from results of 

analysing fire proportions and patchworks in Chapter Five and Chapter Six. In 

Chapter Five, proportions of area burned in the early dry season in all of the other 

vegetation categories except for the class Eucalyptus tetrodonta, E. miniata and E. 

dichromophloia woodland (ETMW) are smaller than that in MF (Table 5.03), but the 

patch density (per km2) of MF or ETMW in fire patchwork do not tend to be the 

smallest (Table 5.06). In other words, vegetation category MF experienced the highest 

fire frequency in the seven vegetation classes and a relative larger proportion of area 

burned but not a prominent fragmentation. On the other hand, Table 7.03 also 

indicates all vegetation categories interacting with elevation show an positive increase 

of coefficients, suggesting that at equivalent position in the landscape and on the same 

land tenure, vegetation ELBW, for example, experienced less early fire occurrence 

than MF (coefficient -1.4946). But these positive coefficients are all very small. Fire 

frequency is influenced on all vegetation types in the savana landscapes by the 

variation of fire intensity which is shown through the proportion of area burned; 

nevertheless, fire frequency affects fire patterning rather than directly producing 

effects for the vegetation fragmentation. 

The regression coefficient of elevation produced in the best supported model in 

the early dry season shows a negative value. It indicates lower land experienced 
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higher frequent fire incidences than high land in the study area, similar with the study 

in the adjoining national parks (Russell-Smith et al. 1997, Edwards et al. 2001). The 

value of estimated coefficient is very small, suggesting that influences through 

elevation changes on fire frequency are small, but statistically significant in this large 

sample (P < 0.000). 

Euclidean distance to road produced a negative coefficient, suggesting that fire 

occurrence decrease further away from road system in early dry season. In the four 

sub-categories of land use parameter, relative to land use type reserves and Aboriginal 

land, fire occurrence frequency in crown land was higher (P < 0.000), while pastoral 

land had lower fire frequency (P < 0.000). It is inferred that there might be some early 

dry season clearance in crown land for some purposes while fewer fire occurrences in 

pastoral land possibly because of varied fire management practices. It is noticeable 

that land use type urban land produced a lager negative coefficient than the other two 

categories, indicating a substantial lower fire frequency distribution in this land use 

type in the early dry season. Probably there is not fire control for early season fires in 

urban land. 

The model involving physical landscape and anthropogcnic variables and many 

interactions was complex, but interactions between some variables are interpretable 

and of interest. Fire ignitions under different fuel conditions in different vegetation 

types are considered to be relevant to Euclidean distance to road from the fire 

incidence. Figure 7.02 demonstrates that fire frequencies tend to be close to roads 

with smaller variations in ranges of distance. This illustrates the vegetation influence 

in association with roads to fire frequency. Igniting along road to set up fire breaks is 

one of the prevailing fire management procedures in many land uses. Road influences 

are also shown in land use types, since different fire management were undertaken 

among varied land use types (Figure 7.03). It is noticeable that in the land use 

reserves and Aboriginal land high fire frequencies are not as close as the other land 

use types. It is likely to reflect fire management applied in the early dry season in 

reserves and Aboriginal land to control fire incidence close to road, whereas 

government crown land may be less actively managed with high frequent fire 

occurrence very close to road. Comparing reserves and Aboriginal land and pastoral 
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land, both of which occupy the main proportion of the land (respectively 56.9% and 
3 3.8% of total land area), fire incidences are relatively closer and in a narrow 

variation range of distance to road. Fire management in pastoral land tends to be 

managed with different fire regimes from those carried out in reserves and Aboriginal 

land, as early dry season fires were considered to provide biophysical and economic 

advantages over a base-line scenario of fire exclusion (Dyer and Stafford Smith 
2003). 

7.4.2.2. Middle dry season effects of environment paramelers 

In the middle dry season, all of the physical landscape and anthropogenic 

variables and many interactions constructed the best supported model, which 

coefficients produced by variables and interactions are tabulated in Table 7.04. 

Elevation and Euclidean distance to road produce negative coefficients, while slope 

and Euclidean distance to river have positive values but show insignificant in slope 

and significant in the proximity to river (P < 0.001). In the middle dry season, the 

proportion of area burned showed the largest over the dry season (see Chapter Four), 

especially in lowland flood plain that experienced more fire occurrences (Russel-

Smith ci al. 1997). Aboriginal fire practice often involves burning along creek lines. 

For vegetation, relative to MF, Eucalyptus laiifo!ia / E. bigalerita open woodland with 

areas of grassland (ELBW) and Eucalyptus phoenicea / Eucalyptus spp. woodland 

(EPW) produced positive coefficients, indicating greater fire frequency in these two 

vegetation types in the middle dry season. The negative coefficient in Euclidean 

distance to road indicates that fire occurrence decreases further away from road 

system. Relative to reserves and Aboriginal land, the other land use types except for 

the government crown land show reducing in fire frequency in the middle dry season, 

suggesting that different fire management strategies were undertaken in those land use 

possibly for different purposes. 

Analysis of interaction between vegetation types and Euclidean distance to road 

with middle dry season data shows slightly different form the interaction analysed 

with early dry season data (Figure 7.04). High fire frequencies in different vegetation 

types demonstrated by no means very close to road; oppositely in some vegetation 

categories high frequencies of fire incidence were far from road. It might be due to 

252 - 



Chapter 7 Biophysical and anthropogenic influences on fire patterns - implications for management 

fire management that was better carried out or fuel availability around road. Clearance 

for fire breaks in the early dry season has reduced fire occurrence closely around road, 

which is considered as a successful fire management step. However, looking at this 

management procedure carried out in different land use types tends to result in 

different story (Figure 7.05). In the crown land, high frequent fire occurrences are still 

very close to road, while a nearly similar distance between fire incidences to road is 

still kept in pastoral land. In urban land, more fires occurred in the area far from road 

and close to roads. Reserves and Aboriginal land shows having more high frequent 

fire occurrences that keep a distance to road but no far than 5 km from road. It can be 

inferred that different fire management strategies are evident to conduct in different 

land use types, and hance this mixed management tends to be unbenefited for the 

wildlife and resource in the savanna landscapes. 

7.4.2.3. Late dry season effects of'environmeni factors 

Previous studies argued that frequent fires in the late dry season have major 

effects and impacts with respect to northern Australian eucalypt-dominated savannas 

(William c/ al. 2002, 2003). Because of the partition of dry season, this study provides 

the different perspective, demonstrating high frequencies and large proportions of 

areas burned occur in the middle dry season, rather than in the late. 

It is noticeable that the best supported model was built by fewer physical 

landscape and anthropogenic variables than those in the middle dry season. 

Coefficients produced by all involved parameters are listed in Table 7.05. Both 

elevation and slope produced negative coefficients and all were not significant. 

Vegetation MF became again the vegetation type that experienced the highest fire 

frequency in this period of the dry season. It is slightly different from the study of 

proportion of area burned in Chapter Five, where vegetation class Eucalyptus 

lintinnans / E. dichromophloia woodland (ETDW) had a lowest mean value (Table 

5.03). Also, density of patch per km2  in ETDW was the biggest followed by MF 

(Table 5.06). Relative to reserves and Aboriginal land, crown land had higher fire 

frequency while pastoral land and urban land had lower. It indicates that more 

frequent fire incidence occurred in reserves and Aboriginal land. 
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Because of the absence of Euclidean distance to road in the best supported model 
in late dry season, the interaction between land use types and elevation features the 

variation of fire frequency patterns among different land use types (Figure 7.06). 
Reserves and Aboriginal land and pastoral land have the same pattern of fire 

frequency distribution with elevation, suggesting similar fire incidence situation they 
experienced. It can be inferred that fires in two major land use types (reserves and 
Aboriginal land: 56.9% of total area; pastoral land: 33.8%) have experienced similar 
patterns after the large fire occurrence in middle dry season. 

7.4.2.4. Whole dry season effects of environment parameters 

Looking at fire frequency patterns in the dry season as a whole enables to 

evaluate the performance of environmental parameters contributing to fires. All 
examined environment variables and many interactions have influenced fire 
frequency through the whole dry season. Table 7.06 demonstrates all coefficients 
produced by the variables and interactions. Pooling data across seasons permits an 
examination of influences on fire conditions (weather). In interpreting these results, it 
should be recognised that they are dominated by data from the mid-dry season. Both 
patterns of interactions between Euclidean distance to road and vegetation types and 
land use are demonstrated in Figure 7.07 and 7.08. Comparing these two fire 

frequency patterns to those in middle dry season, distribution of fire incidence along 
proximity to road in the levels of fire frequency shows obvious similarity. The 

inference of the domination of middle dry season fire in whole dry season has also 
been addressed in Chapter Four from the analysis of proportion of area burned. 

In sum, data modelling and analysis in the present study reveals the contributions 
of examined environment parameters to fire patterning in the northern Australian 
savannas. Riparian vegetation is highly fire prone irrespective of accessibility as the 
result obtained in Chapter Five. In particular, lowland flood plain tends to be burned 
frequently. Slope demonstrates contributing but with changed performance in 

different period of the dry season. Aspect contributes only in the middle dry season 
which is considered to dominate all dry season fire patterns and dry season as a 
whole, similar with Euclidean distance to river which features high fire frequency 
further away from the river. For anthropogenic parameter Euclidean distance to road, 
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fire frequency increases closer to roads. In land use types, fire frequency varies in 

different land use area in the study area with mixed land use types. 

However, it is still notable that all of environmental variables analysed above 

explained a small proportion of the fire frequency information. Other unknown but 

maybe most contributing factor(s) tend to be missed. This information missing might 

be attribute to scale used in this study. In the present study, data I used for variable 

layers were from different sources in distinct scales and resolution. The converting 

process might cause information missing and misinterpretation. However, this 

synthetic analysis is trying to reveal relations between environmental parameters and 

fire frequency, rather than a quantifying study. 

7.4.3. Management implications 

For the study of savanna ecosystems, it is widely accepted that reactive fire 

regimes will continue to result in the loss of biodiversity in the fire-prone savannas in 

northern Australia (Russell-Smith and Bowman 1992, Woinarski and Fisher 1995, 

Andersen el al. 1998, Williams et al. 2002, Russell-Smith etal. 2003). The 

development of patchy, heterogeneous and appropriate frequency fire regimes is 

essential and crucial for preserving local habitat and faunal biodiversity (Woinarski 

1990, Andersen 1991, Braithwaite 1995, Dostine etal. 2001, Russell-Smith etal. 

2003). However, in the area characterised with mixed land use types which previous 

studies seldom examined, the interpretation of the data acquired which has been 

addressed in previous chapters and modelling analysis which is presented in this 

chapter suggest the following. 

1) Because middle dry season fires burn the greatest proportion of the area (see 

Chapter Four) and are involved with all physical landscape and anthropogenic 

parameters in the best supported model, understanding at dry season savanna fires 

demands a good understanding on fires occurring in the middle dry season. However, 

most published studies on northern Australian savanna fires partition analysis into 

early and late dry season (e.g. Russell-Smith etal. 1997, 1998, Williams etal. 1998, 

Gill etal. 1999, Edwards ci al. 2001, Dyer and Stafford Smith 2003). It is likely that 

the two-period partition could cause information loss or misinterpretion, because 
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previous studies indicated that large scale human-induced fires in late dry season in 
savanna landscapes, particularly in adjoining national parks, are the main 

characteristic of contemporary fire regimes in northern Australia (e.g. Williams et al. 
1998, Gill et al. 1999, Edwards et al. 2001, Andersen et al. 2003). Actually, in early 
dry season, since a small proportion of the land was burned, a complete view of fire 

pattern had not been exhibited. Conversely, for areas described as burned in late dry 
season, most area was actually burned in the middle dry season. So, middle dry 
season fires tend to reflect most comprehensively fire patterns in the dry season. 

Furthermore, fire and resource management should take into account middle dry 

season fires to optimise fire interval and patchwork to benefit habitat and wildlife 
biodiversity. 

Even though middle dry season fires dominates the fire patterns in the study 

area in northern Australian savannas, the habitat fragmentation demonstrates relative 
consistency with insignificant seasonal variation of mean patch size, both in fire scar 

and fire-driven vegetation patches. However, in connection with the study of 

granivorous bird habitat selection (Dostine ci al. 2001), it was inferred that more 

frequent fire tends to produce more fragmented habitat (see Chapter Six). Chapter 

Seven has explored the modelling of fire frequency influenced by seven examined 

environmental parameters, including physical landscape and anthropogenic variables. 

It is notable that all models selected as statistically best variable suites explained little 
variance. The study area is undoubtedly fire prone savannas with burns in most years, 

but relatively little variation can be explained in terms of landscape structure and 

indication of access. Factors other than those I was able to consider are clearly more 
important than the weak patterns which statistically significant results were shown. 

Chapter Four provides a series of fire probability/frequency maps for the three 
periods of dry season and the dry season as a whole, showing the spatial and temporal 

distribution of fire probability/frequency in the study area (Figure 4.05, 4.06, 4.07, 

4.08). As response layers in the modelling analysis in this chapter, these maps present 
the locations of high fire frequency and their spatial relationships with road, rivers and 

main anthropogenic activity centres shown in the study area map in Chapter Two 

(Figure 2.01). The large proportion of areas burned and high fire frequencies around 
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roads in the middle dry season obscured any influence from Euclidean distance to 
road in the late dry season. Despite the relatively weak relationships shown in this 
study, the fact that subtle shifts in the distribution of fire in the landscape could be 
summarised and analysed in this way points to potential utility of these methods for 
assessing the effectiveness of fire management interventions in such fire prone 
landscapes. 

Sorghum understorey dominated vegetation types, Eucalyptus phoenicea / 
Eucalyptus spp. woodland (EPW) and Eucalyptus miniata /E. tetrodonta woodland 
with Plectrachne pun gens grassland (EMTW), are considered as granivorous bird 
foraging habitats (Dostine et al. 2001). In the middle dry season, the main burning 
period, high frequency fire incidences in these two vegetation categories seem to be 
close to road (Figure 7.03), indicating that human activities along road may have 
impacts on the foraging and nesting of those species. 

Modelling analysis in this present study was undertaken in a basis that all 
random selected data were acquired in an area with a mixed land use types. However, 
reserves and Aboriginal land and pastoral land occupy the major proportion of the 
land (totally 80.7%). Situations of fire incidence vary slightly in different land use 
types. It remains to be determined what the long term conservation implications of 
these variations related to land use might be (Russell-Smith et al. 2003). 

7.4.4. Conclusion 

This study looks at modelling of fire frequency dynamics in different periods of 
dry season in tropical savanna landscapes of northern Australia, but in connection 
with the synthesis in previous chapters characterising fire extent, interval, patchiness 
and landscape metrics, modelling for other fire and landscape features, if it is 

possible, could enrich our understanding of fire patterns and enable us to improve fire 

and wildlife management. 

The synthesis considering studies in all chapters indicates that in the study area, 
fire incidence remains high through the dry season and shows temporal variation on 
year, season and month scales. Fire frequencies in the study area are relatively lower 
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than adjoining national parks. This is possibly due to a mix of land use types that 

cause a mix of fire regimes. Variations of fire frequency in all periods of study appear 

to be weakly influenced by environmental parameters, especially by vegetation and 

land use types, and differences in access as measured by distance from road or tracks 

have a relatively minor influence. Nonetheless, it is likely that most fires I recorded in 

the region were lit by people (as distinct from lightning). Information on movement of 

people through the landscape will be required to better understand fire patterning. 
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Appendix 

Appendix 1. 

IDL Programme used to extract fire interval with historical fire mapping result 

pro extract fireintervall 

infilename='<filename>' & outfilename=infilename+'intervals.csv' 
num=500 ;number of random points to use 
rep=l & run=l 
screen=lonarr(2) & mydevice=!D.NANE & setplot, mydevice & device, 
GET SCREEN SI ZE=screen 

xoff=fix((screen[O])/3.5) & yoff=fix((screen[1])/6) 

; read_header 
samples=OL 
lines=OL 
bands=OL 
off set=OL 
interleave=' 
type = 0 L 
startx=OL 
starty=OL 
east=0. 0 
north=0. 0 
sizex=O.0 
sizey=O.0 

start: 

while rep eq 1 do begin 
base = WIDGET BASE(/COL[JNN, 

xoffset=xoff,yoffset=yoff,title="Fire interval extraction") 
fchildl = WIDGET BASE(base, /row) 

fieldi = CWFIELD(fchildl, TITLE = "Input file 
",xsize=70, VALUE=infilename, /string) 

fl=widgetbutton(fchildl,value='BROWSE' ,uvalue="browse") 
fchi1d2 = WIDGET BASE(base, /row) 

field2 = CWFIELD(fchi1d2, TITLE = "Output file 
:",xsize=70, VALUE=outfilename,/string) 

f2=widget button(fchild2,value='BROWSE' ,uvalue="browse") 
field4=CWFIELD(base, TITLE = "Number of Random Points ?", 

VALUE=num, /long) 

bchild = WIDGET BASE(base, /ROW) 
ok = WIDGET BUTTON(bchild, VALUE='OK', UVALUE = "OK") 
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cancel = WIDGET BUTTON (bchild, 
"CANCEL") 

;notes = WIDGET_BUTTON (bchild, 
widget_control, base, /realize 
flag = 0 
while (flag eq 0) do begin 
event = WIDGET_EVENT (base) 

VALUE='CANCEL', UVALUE = 

VALUE='HELP', UVALUE = "HELP") 

case i or 
(event.id  eq fi): begin 

widgetcontrol, fieldi, get_value = infilename 
widgetcontrol, fie1d2, get_value = outfilename 
infilename=DIALOGPICKFILE (Title='Select the Input Image 

file') 
read header,Infilename, samples,lines,bands,inter,type 
outfilename=infilename+ 'intervals. csv' 
flag = 1 & rep=1 
end 

(event.id  eq f2) : begin 
widgetcontrol, fieldl, get_value = infilename 
widgetcontrol, fie1d2, get_value = outfilename 
tmp=strsep(outfilename, '\') & len=n elements (tmp) 
if len GT 2 then begin 

dir=tmp[0] 
for j=l,len-2 do dir=dir+'\'+tmp[j] 
endif else dir=tmp[0] 

outfilename=DIALOGPICKFILE(path=dir, file=tmp[len- 
l],Title='Select Ouput Filename', filter=I*.csv') 

flag = 1 & rep=l 
end 

(event.id  eq fie1d4): begin 
widgetcontrol, fieldi, get_value = infilename 
widgetcontrol, field2, get_value = outfilename 
widgetcontrol, f1e1d4, get_value = num 
flag = 1 & rep=l 
end 

(event.id  eq ok): begin 
widgetcontrol, fieldi, 
widgetcontrol, f1e1d2, 
widgetcontrol, fie1d4, 
flag = 1 & rep=0 
end 

get_value = infilename 
get_value = outfilename 
get_value = num 

(event.id  eq cancel) : begin 
flag = 1 & rep=0 
run=0 
end 
else: flag=0 
endcase 
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endwhile ;flag=O 
WIDGET CONTROL, event.top, /DESTROY 
infilename=infilename[O] & outfilename=outfilename[O] 
endwhile; rep=l 

;********************end of input 
sect ion* * * * * * * * * * * * * * * * * * * * * * * * * * * * 

if run ne 0 then begin ;if not cancelled then run program 

if (type ne 1) then begin 
m=dialogmessage('Input File must be in byte format!',/ERROR) 
rep=l 
goto, start 
endif 

readmapheader, infilename, samples, lines,bands, offset, inter, type, s 
tartx, starty, east, north, sizex, sizey 
val=Ob 
openr, inf, InFilename, /getlun 
openw, outf, outfilename, /getlun 

writeu, outf, 
'Easting, ', 'Northing, ! 'LC, ', 'Burndates, ',byte(13) ,byte(10) 
;number of pixels 
row=long(samples*type) ;per line 
block=long(lines*row) ;per band 

for i=l,num do begin ;random iterations 
if (i mod 100) eq 0 then print,i 
xl=round(randomu(rand)*long(samples_1)) 
yl=round(randomu(rand)*long(lines_1)) 

res=fltarr (bands+3) 
;calculate pixel location 
res[O]= east + xl*sizex  
res[l]= north - yl*sizey 

;get LC 
05 = (yl*row) + xl 

point_lun, inf, 05 
readu, inf, val 
;val=fix (val) 

res [2] =float (val) 

;get burndates ie. l's in other layers at same pos 
len=3 
for b=1,bands-1 do begin 
pos = (long(b)*block)+(yl*row)+(xl) 

point lun,inf,pos 
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readu, inf, val 
if val eq 1 then begin 

res [len] =float (b) 
len=len+1 
endif 

endfor ;bands 
len=len-1 
for u=O,len do writeu,outf,string(res[u]), ', 
for u=0,18-len do writeu,outf, ', 
if (len ge 4) then begin 

res2=fltarr(len-3) 
for u=O,len-4 do res2[u]=(res[u+4]-res[u+3])/3 
m=mean (res2) 
if (len) gt 4 then sd=STDDEV(res2) else sd=-1 
for u=0,len-4 do writeu,outf,string(res2[u]), 
for u=0,17-len do writeu,outf,',' 
writeu, outf, string (m) , ', ',string (sd) , 

endif 
writeu,outf,byte(13) ,byte(1O) 

endfor ;i 

free_lun, inf,outf 
endif ;run vs cancel 
print, 'completed' 
end 

pro read_header, filename, samples,lines,bands,inter,type 

;read headerfile 
parts = STRSEP(filename, '.', /trim) 
header_name = parts[0] + '.hdr' 

getlun, hdr 
openr, hdr, header_name 

header=' 
5=t I 

;Get samples 
while s NE 'samp' do begin ;skip to samples 

readf, hdr, header 
s=strmid(header, 0,4) 
endwhile 

parts = STRSEP(header, '=') 
samples=long (parts [1]) 

;Get Lines 
readf, hdr, header 
parts = STRSEP(header, 1=1) 

lines=long (parts [1] 
;Get Bands  
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readf, hdr, header 
parts = STRSEP(header, !=1) 

bands=long (parts [1]) 
;Get Header Offset 

readf, hdr, header 
parts = STRSEP(header, '=') 
offset=long (parts [1]) 

;Get Data Type 
while s NE 'data' do begin ;skip to data type 

readf, hdr, header 
s=strmid(header, 0,4) 
endwhile 

parts = STRSEP(header, '=') 
type=long (parts [1]) 

;Get interleave 
while s NE 'inter' do begin ;skip to interleave 

readf, hdr, header 
s=strmid (header, 0,5) 
endwhile 

parts = STR_SEP(header, '=') 
inter = parts[l] 

freelun, hdr 

end 

pro 
read_map_header, filename, samples, lines, bands, offset, inter, type, sta 
rtx, starty, east, north, sizex, sizey 

;read headerfile 
parts = STRSEP(filename, '.', /trim) 
header_name = parts[0] + '.hdr' 

getlun, hdr 
openr, hdr, header_name 

header=' 
s=' 

;Get samples 
while s NE 'samp' do begin ;skip to samples 

readf, hdr, header 
s=strmid(header, 0,4) 
endwhile 

parts = STRSEP(header, '=') 
samples=long (parts [1] 

;Get Lines 
readf, hdr, header 
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parts = STRSEP(header, 1=) 

lines=long (parts [1] 
;Get Bands 

readf, hdr, header 
parts = STR_SEP(header, I=1) 

bands=long(parts[1]) 
;Get Header Offset 

readf, hdr, header 
parts = STRSEP(header, t') 
of f set=long (parts [1] 

;Get Data Type 
while s NE 'data' do begin ;skip to data type 

readf, hdr, header 
s=strmid(header, 0,4) 
endwhile 

parts = STRSEP(header, I=1) 

type=long (parts [1] 
;Get interleave 

while s NE 'inter' do begin ;skip to interleave 
readf, hdr, header 
s=strmid(header, 0,5) 
endwhile 

parts = STRSEP(header, '=') 
inter = parts[1] 

;Get mapinfo 
while (s NE 'map') and not eof(hdr) do begin ;skip to mapinfo 

readf, hdr, header 
s=strmid(header, 0,3) 
endwhile 

if not eof(hdr) then begin ;if file is registered. 
header=strt rim (header) 
parts = STRSEP(header, '=') 
print, parts 
parts-2 = STR_SEP (parts [1], ', ',/TRIM) 
print, parts_2 
startx=long (parts_2 [1]) 
starty=long (parts_2 [2] 
east=double (parts_2 [3]) 
north=double (parts_2 [4]) 
sizex=float (parts_2 [5] 
sizey=float (parts_2 [6] 

endif else STOP 

freelun, hdr 
end 
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Appendix 2. 

Landscape indices of fire patches and vegetation cover patches in different vegetation communities 

Appendix 2.1. Landscape indices of fire patches in the vegetation cover of Melaleuca forest, in 1989-2000 

Time %of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 1.35 71 1.89 2.49 47820 0.10 1.34 1.56 

Sep. 1989 12.50 355 3.51 7.77 333300 0.72 1.40 1.95 

Apr. 1990 0.07 5 1.49 1.29 2580 0.01 1.19 1.16 

Aug. 1990 1.44 123 1.16 1.67 66240 0.14 1.34 1.65 

Aug. 1991 4.44 339 1.31 2.17 195540 0.42 1.35 1.82 

Jul. 1992 2.36 151 1.56 1.98 92340 0.20 1.32 1.59 

Apr. 1993 2.16 49 4.40 7.17 64260 0.14 1.63 2.32 

Aug. 1993 10.25 319 3.20 10.52 267420 0.58 1.36 2.40 

Apr. 1994 1.87 74 2.52 2.75 56580 0.12 1.30 1.43 

Aug. 1994 3.48 230 1.51 1.90 136860 0.30 1.30 1.54 

Oct. 1994 15.77 504 3.12 9.76 445140 0.96 1.40 2.40 

Apr. 1995 0.49 31 1.57 2.69 17340 0.04 1.28 1.49 

Jun. 1995 16.51 278 5.92 20.89 327300 0.71 1.45 2.55 

Oct. 1995 0.96 70 1.37 3.09 41820 0.09 1.38 2.10 

Apr. 1996 3.06 126 2.42 3.09 98520 0.21 1.34 1.66 
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Jul. 1996 19.83 519 3.81 16.37 503280 1.09 1.44 2.44 

Oct. 1996 0.86 116 0.74 0.94 49080 0.11 1.29 1.58 

Apr. 1997 8.03 100 8.01 28.81 129900 0.28 1.38 2.59 

Jul. 1997 15.49 540 2.86 9.59 449040 0.97 1.37 2.28 

Sep. 1997 13.97 545 2.56 6.92 448860 0.97 1.39 2.25 

May 1998 7.45 319 2.33 9.85 242580 0.52 1.41 2.54 

Jun. 1998 14.40 472 3.04 12.14 371160 0.80 1.32 2.21 

Sep. 1998 25.07 351 7.12 22.40 441000 0.95 1.40 2.34 

May1999 17.73 497 3.23 13.38 388140 0.84 1.35 2.40 

Aug. 1999 19.00 1100 1.72 6.11 691140 1.49 1.35 2.29 

Oct. 1999 8.69 658 6.11 18.18 834060 1.80 1.43 2.55 

Jun.2000 3.25 213 1.52 2.75 119880 0.26 1.27 1.67 

Mean 8.54 302 2.96 8.40 254118 0.55 1.36 2.03 

SD 7.39 248 1.88 7.46 218449 0.47 0.08 0.43 
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Appendix 2.2. Landscape indices of fire patches in the vegetation cover of Eucalyptus latjfolia/E. bigalerita open woodland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 22.01 1354 2.38 9.91 1010700 2.19 1.38 2.93 

Sep. 1989 12.91 809 2.33 11.99 643320 1.39 1.39 3.73 

Apr. 1990 0.60 75 1.17 2.94 33060 0.07 1.22 1.78 

Aug. 1990 20.38 1274 2.34 11.74 977220 2.11 1.37 3.68 

Aug. 1991 25.50 2242 1.66 8.65 1471320 3.18 1.36 3.54 

Jul. 1992 14.95 1440 1.52 7.92 847080 1.83 1.35 2.76 

Apr. 1993 0.55 58 1.39 2.00 31560 0.07 1.26 1.63 

Aug. 1993 15.19 1278 1.74 4.69 875520 1.89 1.41 2.40 

Apr. 1994 1.87 46 0.70 1.10 17460 0.04 1.24 1.63 

Aug. 1994 20.42 1540 1.94 7.64 1072920 2.32 1.39 2.56 

Oct. 1994 19.75 1268 2.28 8.16 958740 2.07 1.38 2.87 

Apr. 1995 0.04 17 0.39 0.53 4320 0.01 1.13 1.29 

Jun. 1995 11.20 466 3.51 15.46 362940 0.78 1.32 2.36 

*Oct 1995 2.79 200 2.04 12.04 158700 0.34 1.40 4.89 

Apr. 1996 4.88 176 4.05 20.04 155820 0.34 1.35 2.93 

Jul. 1996 13.81 1170 1.73 8.63 759120 1.64 1.37 3.11 

Oct. 1996 2.79 1905 0.78 7.56 803400 1.74 1.28 4.06 
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Apr. 1997 0.99 133 1.09 2.21 64980 0.14 1.33 1.72 

Jul. 1997 20.00 1541 1.90 6.27 1023000 2.21 1.36 2.35 

Sep. 1997 21.98 1890 1.70 12.09 1123860 2.43 1.35 2.96 

May 1998 7.85 652 1.76 5.19 418020 0.90 1.35 2.21 

Jun. 1998 27.32 1208 3.31 10.64 1032780 2.23 1.37 2.29 

Sep. 1998 4.16 382 1.59 4.96 230880 0.50 1.34 2.39 

May 1999 8.03 528 2.02 5.87 349860 0.76 1.32 2.24 

Aug. 1999 21.37 2383 1.31 7.49 1236240 2.67 1.32 2.60 

Oct. 1999 4.88 1036 2.18 15.22 710640 1.54 1.38 2.95 

Jun. 2000 9.36 714 1.92 3.90 450960 0.97 1.29 1.79 

Mean 11.69 955 1.88 7.96 623127 1.35 1.33 2.65 

SD 8.75 708 0.81 4.72 438471 0.95 0.06 0.83 
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Appendix 2.3. Landscape indices of tire patches in the vegetation cover of E. tectjflca/E. tintinans, with Erythrophleum chiorostachys 
woodland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 16.39 4342 4.06 40.32 5160360 11.16 1.52 6.39 

Sep. 1989 15.87 4225 4.04 52.29 4420380 9.56 1.45 6.78 

Apr. 1990 1.88 320 6.32 71.19 313380 0.68 1.33 5.49 

Aug. 1990 21.96 6109 3.87 67.82 7377960 15.95 1.49 11.51 

Aug. 1991 33.12 9676 3.68 55.78 10600260 22.92 1.45 10.42 

Jul. 1992 22.03 8525 2.78 32.77 8658840 18.72 1.45 9.86 

Apr. 1993 1.64 640 2.76 15.68 537480 1.16 1.38 3.94 

Aug. 1993 19.05 5787 3.54 54.62 6147780 13.29 1.47 10.02 

Apr. 1994 3.88 699 5.97 78.72 902580 1.95 1.43 9.19 

Aug. 1994 22.96 6935 3.56 31.29 7316460 15.82 1.47 6.07 

Oct. 1994 29.14 7749 4.05 49.33 8024040 17.35 1.44 6.70 

Apr. 1995 1.96 542 3.90 16.26 614100 1.33 1.50 3.73 

Jun. 1995 6.51 2337 3.00 21.82 2140320 4.63 1.42 4.93 

*Oct 1995 2.27 1045 2.34 19.81 876780 1.90 1.38 6.94 

Apr. 1996 6.77 1328 5.49 30.59 1533000 3.31 1.43 4.06 
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Jul. 1996 13.61 5224 2.80 16.63 5153280 11.14 1.48 5.19 

Oct. 1996 16.51 12050 1.47 14.58 7926300 17.14 1.35 6.89 

Apr. 1997 1.53 583 2.82 8.52 492900 1.07 1.41 2.61 

Jul. 1997 26.27 6806 4.15 47.32 7190520 15.55 1.46 5.81 

Sep. 1997 34.69 8124 4.59 89.27 8502300 18.38 1.45 7.59 

May 1998 9.78 3003 3.51 31.72 3297960 7.13 1.49 6.43 

Jun. 1998 31.22 5550 6.05 105.24 6953400 15.03 1.47 8.15 

Sep. 1998 5.45 1717 3.41 18.64 1697400 3.67 1.45 4.19 

May 1999 13.44 4134 2.46 30.23 3447420 7.45 1.41 6.79 

Aug. 1999 23.90 16514 1.56 30.73 10165320 21.98 1.37 5.31 

Oct. 1999 19.27 3712 2.40 12.34 3045240 6.58 1.43 3.69 

Jun. 2000 24.22 3783 6.89 89.63 4739040 10.25 1.38 8.02 

Mean 15.75 4869 3.76 41.97 4712400 10.19 1.44 6.54 

SD 10.57 3909 1.40 26.90 3258296 7.04 0.05 2.27 
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Appendix 2.4. Landscape indices of fire patches in the vegetation cover of E. tect?flca/E. tintinans, with Erythrophleum chiorostachys 
woodland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSJ 

Jul. 1989 16.39 4342 4.06 40.32 5160360 11.16 1.52 6.39 

Sep. 1989 15.87 4225 4.04 52.29 4420380 9.56 1.45 6.78 

Apr. 1990 1.88 320 6.32 71.19 313380 0.68 1.33 5.49 

Aug. 1990 21.96 6109 3.87 67.82 7377960 15.95 1.49 11.51 

Aug. 1991 33.12 9676 3.68 55.78 10600260 22.92 1.45 10.42 

Jul. 1992 22.03 8525 2.78 32.77 8658840 18.72 1.45 9.86 

Apr. 1993 1.64 640 2.76 15.68 537480 1.16 1.38 3.94 

Aug. 1993 19.05 5787 3.54 54.62 6147780 13.29 1.47 10.02 

Apr. 1994 3.88 699 5.97 78.72 902580 1.95 1.43 9.19 

Aug. 1994 22.96 6935 3.56 31.29 7316460 15.82 1.47 6.07 

Oct. 1994 29.14 7749 4.05 49.33 8024040 17.35 1.44 6.70 

Apr. 1995 1.96 542 3.90 16.26 614100 1.33 1.50 3.73 

Jun. 1995 6.51 2337 3.00 21.82 2140320 4.63 1.42 4.93 

*Oct 1995 2.27 1045 2.34 19.81 876780 1.90 1.38 6.94 

Apr. 1996 6.77 1328 5.49 30.59 1533000 3.31 1.43 4.06 

Jul. 1996 13.61 5224 2.80 16.63 5153280 11.14 1.48 5.19 

Oct. 1996 16.51 12050 1.47 14.58 7926300 17.14 1.35 6.89 
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Apr. 1997 1.53 583 2.82 8.52 492900 1.07 1.41 2.61 

Jul. 1997 26.27 6806 4.15 47.32 7190520 15.55 1.46 5.81 

Sep. 1997 34.69 8124 4.59 89.27 8502300 18.38 1.45 7.59 

May 1998 9.78 3003 3.51 31.72 3297960 7.13 1.49 6.43 

Jun. 1998 31.22 5550 6.05 105.24 6953400 15.03 1.47 8.15 

Sep. 1998 5.45 1717 3.41 18.64 1697400 3.67 1.45 4.19 

May 1999 13.44 4134 2.46 30.23 3447420 7.45 1.41 6.79 

Aug. 1999 23.90 16514 1.56 30.73 10165320 21.98 1.37 5.31 

Oct. 1999 19.27 3712 2.40 12.34 3045240 6.58 1.43 3.69 

Jun. 2000 24.22 3783 6.89 89.63 4739040 10.25 1.38 8.02 

Mean 15.75 4869 3.76 41.97 4712400 10.19 1.44 6.54 

SD 10.57 3909 1.40 26.90 3258296 7.04 0.05 2.27 
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Appendix 2.5. Landscape indices of fire patches in the vegetation cover of E. tintinnans/E. dichromopliloia woodland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 9.16 2869 0.83 2.97 1306260 2.82 1.33 2.40 

Sep. 1989 11.00 2875 1.00 2.88 1353060 2.93 1.31 2.13 

Apr. 1990 0.72 220 0.85 2.35 95580 0.21 1.31 2.08 

Aug. 1990 8.81 2615 0.88 2.30 1222500 2.64 1.32 2.23 

Aug. 1991 22.47 5865 1.00 5.19 2752020 5.95 1.32 2.29 

Jul. 1992 11.53 4065 0.74 2.98 1691340 3.66 1.30 2.48 

Apr. 1993 1.69 429 1.03 3.55 196620 0.43 1.29 2.14 

Aug. 1993 8.59 2916 0.77 2.13 1225680 2.65 1.30 2.06 

Apr. 1994 2.78 614 1.18 6.00 317460 0.69 1.34 2.78 

Aug. 1994 13.82 5060 0.71 3.08 2054160 4.44 1.29 2.50 

Oct. 1994 22.17 5370 1.08 4.24 2666580 5.77 1.33 2.24 

Apr. 1995 0.95 282 0.88 2.00 128460 0.28 1.32 1.96 

Jun. 1995 2.83 867 0.85 1.94 373020 0.81 1.29 1.90 

*Oct 1995 0.09 5909 1.04 3.85 2797680 6.05 1.30 2.22 

Apr. 1996 3.45 890 1.01 2.53 419220 0.91 1.32 1.96 

Jul. 1996 10.95 2954 0.97 3.07 1553460 3.36 1.37 2.71 

Oct. 1996 2.28 1365 0.54 1.38 445980 0.96 1.22 1.84 
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Apr. 1997 1.09 252 1.13 2.41 123660 0.27 1.31 1.80 

Jul. 1997 22.05 4251 1.36 4.89 2383500 5.15 1.34 2.37 

Sep. 1997 24.55 5341 1.20 4.17 2828340 6.11 1.33 2.34 

May 1998 8.41 2062 1.07 4.19 1001340 2.16 1.32 2.31 

Jun. 1998 19.08 4177 1.19 4.13 2119440 4.58 1.32 2.23 

Sep. 1998 0.74 226 0.85 2.18 94440 0.20 1.29 1.81 

May 1999 10.87 1924 0.85 4.05 828000 1.79 1.28 2.62 

Aug. 1999 19.42 5755 0.88 3.46 2570400 5.56 1.30 2.37 

Oct. 1999 0.81 712 0.53 0.94 237720 0.51 1.24 1.61 

Jun. 2000 27.18 3246 2.19 9.60 2000580 4.33 1.31 2.15 

Mean 9.91 2708 0.99 3.42 1288389 2.79 1.31 2.20 

SD 8.65 1993 0.31 1.71 979596 2.12 0.03 0.29 
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Appendix 2.6. Landscape indices of fire patches in the vegetation cover of E. miniata/E. tetrodonta woodland with Plectrachnepungens 
grassland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 11.93 6520 1.68 16.18 4399140 9.51 1.41 4.32 

Sep. 1989 13.87 6376 2.00 17.68 4601220 9.95 1.42 3.65 

Apr. 1990 1.03 504 1.88 6.70 337920 0.73 1.38 2.59 

Aug. 1990 10.86 7454 1.34 5.33 4519500 9.77 1.40 2.81 

Aug. 1991 19.45 12651 1.42 7.67 7847700 16.97 1.39 3.50 

Jul. 1992 13.26 9655 1.26 5.42 5874720 12.70 1.39 3.24 

Apr. 1993 1.69 995 2.00 10.31 696720 1.51 1.38 3.29 

Aug. 1993 12.11 8231 1.35 9.52 4973100 10.75 1.39 3.57 

Apr. 1994 1.86 1176 1.46 3.60 754200 1.63 1.41 2.43 

Aug. 1994 14.60 9203 1.46 5.42 5831040 12.61 1.40 2.89 

Oct. 1994 22.71 9983 2.09 10.15 7597980 16.43 1.43 3.31 

Apr. 1995 0.85 689 1.14 2.65 375720 0.81 1.37 2.21 

Jun. 1995 7.03 3000 2.16 32.11 2070660 4.48 1.36 6.33 

*Oct 1995 0.44 666 0.60 2.59 239640 0.52 1.25 2.37 

Apr. 1996 4.04 2256 1.65 5.96 1464060 3.17 1.38 2.79 

Jul. 1996 11.08 6524 1.56 8.21 4339380 9.38 1.41 3.58 

Oct. 1996 8.13 10373 0.72 3.26 4338960 9.38 1.29 2.56 
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Apr. 1997 6.84 715 2.18 10.06 516720 1.12 1.39 2.97 

Jul. 1997 22.60 10740 1.94 33.57 7540800 16.30 1.40 6.70 

Sep. 1997 23.92 12079 1.82 11.82 8514420 18.41 1.41 3.66 

May 1998 6.84 4638 1.36 3.94 2815980 6.09 1.40 2.52 

Jun. 1998 17.91 9238 1.79 10.85 6130380 13.25 1.40 2.78 

Sep. 1998 8.01 1525 4.84 73.90 1437780 3.11 1.39 6.47 

May 1999 13.72 5023 2.06 25.06 3148560 6.81 1.35 4.44 

Aug. 1999 24.89 16713 1.37 36.11 9012000 19.48 1.35 4.73 

Oct. 1999 27.96 4066 3.18 63.67 3662280 7.92 1.40 9.80 

Jun. 2000 14.46 6985 1.91 9.08 4860300 10.51 1.39 3.08 

Mean 11.93 6221 1.79 15.96 3996329 8.64 1.38 3.80 

SD 8.00 4419 0.79 17.97 2725427 5.89 0.04 1.72 
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Appendix 2.7. Landscape indices of fire patches in the vegetation cover of E. tetrodonta, E. miniata and E. dichromophloia woodland, in 
1989-2 000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 17.02 2469 2.88 20.36 2425080 5.24 1.49 4.66 

Sep. 1989 22.11 2128 4.34 26.85 2144700 4.64 1.40 3.77 

Apr. 1990 3.10 304 4.26 15.76 317640 0.69 1.42 3.10 

Aug. 1990 18.93 2121 3.73 57.33 2195340 4.75 1.44 8.18 

Aug. 1991 37.55 4985 3.14 41.72 4238220 9.16 1.39 5.73 

Jul. 1992 25.86 2985 3.62 35.19 3232260 6.99 1.49 5.92 

Apr. 1993 2.48 524 1.97 6.49 344940 0.75 1.36 2.20 

Aug. 1993 9.63 3018 1.33 4.82 1786740 3.86 1.38 2.64 

Apr. 1994 7.02 486 6.03 33.23 544440 1.18 1.39 3.28 

Aug. 1994 42.22 3644 4.84 62.34 4332240 9.37 1.46 7.32 

Oct. 1994 30.06 1974 6.36 38.06 2347080 5.07 1.40 3.44 

Apr. 1995 1.27 327 1.62 4.92 195660 0.42 1.33 2.36 

Jun. 1995 8.74 1207 3.02 16.10 866040 1.87 1.33 2.58 

*Oct 1995 0.98 444 0.92 3.13 208020 0.45 1.29 2.58 

Apr. 1996 8.54 1097 3.25 16.70 900660 1.95 1.34 3.36 

Jul. 1996 15.14 2723 2.32 11.33 2518020 5.44 1.49 4.35 

Oct. 1996 2.40 2033 0.49 1.39 681780 1.47 1.24 2.05 
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Apr. 1997 1.07 202 2.21 4.99 147180 0.32 1.38 2.04 

Jul. 1997 24.59 3015 3.40 12.82 2903580 6.28 1.43 3.08 

Sep. 1997 24.02 3387 2.96 10.50 3017520 6.52 1.43 2.70 

May1998 21.06 1596 5.51 51.32 2035080 4.40 1.44 7.16 

Jun. 1998 35.14 3335 4.40 53.73 3212460 6.95 1.39 4.41 

Sep. 1998 4.61 454 4.24 11.24 471000 1.02 1.40 2.41 

May1999 11.02 1447 1.84 7.10 895860 1.94 1.33 2.31 

Aug. 1999 23.97 4797 2.09 13.02 3468420 7.50 1.39 3.56 

Oct. 1999 9.13 1201 3.52 28.58 1164900 2.52 1.42 5.28 

Jun. 2000 27.40 2433 4.70 28.50 2193900 4.74 1.31 2.98 

Mean 16.11 2012 3.30 22.87 1806991 3.91 1.39 3.83 

SD 12.17 1357 1.50 18.11 1289411 2.79 0.06 1.73 
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Appendix 2.8. Landscape indices of vegetation patches in the vegetation cover of Melaleuca forest, in 1989-2000 

Time % of Fire NuniP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 1.35 1233 7.98 24.56 1560540 3.37 1.28 2.00 

Sep. 1989 12.5 1305 6.69 23.45 1440300 3.11 1.29 2.04 

Apr. 1990 0.07 1208 8.25 24.84 1578660 3.41 1.28 2.00 

Aug. 1990 1.44 1242 7.91 24.55 1566720 3.39 1.29 2.01 

Aug. 1991 4.44 1262 7.55 24.32 1564560 3.38 1.31 2.08 

Jul. 1992 2.36 1254 7.77 24.46 1545540 3.34 1.28 2.02 

Apr. 1993 2.16 1261 7.74 22.72 1578120 3.41 1.28 1.96 

Aug. 1993 10.25 1502 5.96 21.76 1531380 3.31 1.27 2.04 

Apr. 1994 1.87 1188 8.24 25.05 1544040 3.34 1.28 2.01 

Aug. 1994 3.48 1238 7.78 24.62 1521600 3.29 1.29 2.02 

Oct. 1994 15.77 1456 5.77 19.39 1490880 3.22 1.30 1.99 

Apr. 1995 0.49 1209 8.21 24.83 1571700 3.40 1.28 2.00 

Jun. 1995 16.51 1486 5.60 18.30 1499940 3.24 1.28 1.92 

Oct. 1995 0.96 1232 8.02 24.55 1583820 3.42 1.29 2.00 

Apr. 1996 3.06 1197 8.08 24.96 1530240 3.31 1.29 2.02 

Jul. 1996 19.83 1550 5.16 18.22 1446780 3.13 1.28 1.95 

Oct. 1996 0.86 1246 7.93 24.51 1580460 3.42 1.29 2.01 
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Apr. 1997 8.03 1243 7.38 21.32 1515180 3.28 1.28 1.93 

Jul. 1997 15.49 1429 5.90 21.88 1465080 3.17 1.29 2.10 

Sep. 1997 13.97 1503 5.80 21.48 1533840 3.32 1.30 2.07 

May 1998 7.45 1359 6.79 21.76 1603200 3.47 1.31 2.04 

Jun. 1998 14.40 1313 6.50 21.01 1484220 3.21 1.30 2.05 

Sep. 1998 25.07 1306 5.72 18.99 1374120 2.97 1.29 1.91 

May 1999 17.73 497 3.23 13.38 388140 0.84 1.35 2.40 

Aug. 1999 19.00 1572 5.14 20.16 1613580 3.49 1.36 2.25 

Oct. 1999 8.69 1741 3.42 14.59 1323480 2.86 1.27 1.95 

Jun.2000 3.25 1186 8.14 24.93 1544160 3.34 1.29 2.05 

Mean 8.54 1304 6.77 22.02 1480751 3.20 1.29 2.03 

SD 7.39 216 1.45 3.21 228511 0.49 0.02 0.10 
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Appendix 2.9. Landscape indices of vegetation patches in the vegetation cover of Eucalyptus lat?folia /E. bigalerita open woodland, in 
1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 22.01 2992 3.81 16.02 

Sep. 1989 12.91 2746 4.64 24.86 

Apr. 1990 0.60 2358 6.16 29.28 

Aug. 1990 20.38 3194 3.64 17.52 

Aug. 1991 25.50 3428 3.18 14.56 

Jul. 1992 14.95 3053 4.07 21.69 

Apr. 1993 0.55 2350 6.18 29.74 

Aug. 1993 15.19 3006 4.12 25.42 

Apr. 1994 1.87 2351 6.20 29.71 

Aug. 1994 20.42 2969 3.92 21.30 

Oct. 1994 19.75 2977 3.94 20.80 

Apr. 1995 0.04 2351 6.21 29.73 

Jun. 1995 11.20 2342 5.54 25.72 

Oct. 1995 2.79 2476 5.74 27.67 

Apr. 1996 4.88 2417 5.75 25.56 

Jul. 1996 13.81 2789 4.52 20.39 

2589360 5.60 1.32 2.55 

2516160 5.44 1.32 2.52 

2523360 5.46 1.30 2.49 

2643840 5.72 1.31 2.74 

2803920 6.06 1.35 2.82 

2614260 5.65 1.32 2.59 

2516940 5.44 1.30 2.48 

2565660 5.55 1.33 2.65 

2523420 5.46 1.30 2.47 

2542860 5.50 1.33 2.73 

2508960 5.42 1.31 2.63 

2524560 5.46 1.30 2.47 

2376360 5.14 1.29 2.49 

2588460 5.60 1.30 2.51 

2505540 5.42 1.30 2.42 

2599680 5.62 1.32 2.59 
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Oct. 1996 2.79 2884 4.55 24.58 2860680 6.18 1.37 2.75 

Apr. 1997 0.99 2307 6.27 30.00 2489040 5.38 1.30 2.48 

Jul. 1997 20.00 2767 4.23 23.06 2498640 5.40 1.33 2.65 

Sep. 1997 21.98 2509 5.00 18.95 2517900 5.44 1.33 2.43 

May 1998 7.85 2531 5.32 26.10 2487000 5.38 1.30 2.52 

Jun. 1998 27.32 2540 4.18 21.30 2182080 4.72 1.30 2.46 

Sep. 1998 4.16 2315 6.05 29.73 2458320 5.31 1.30 2.49 

May 1999 8.03 528 2.02 5.87 349860 0.76 1.32 2.24 

Aug. 1999 21.37 2978 3.86 20.61 2684580 5.80 1.36 2.82 

Oct. 1999 4.88 2603 4.75 24.39 2449500 5.30 1.31 2.61 

Jun. 2000 9.36 2301 5.76 28.46 2373000 5.13 1.31 2.47 

Mean 11.69 2595 4.80 23.45 2455331 5.31 1.32 2.56 

SD 8.75 522 1.11 5.68 439892 0.95 0.02 0.13 
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Appendix 2.10. Landscape indices of vegetation patches in the vegetation cover of E. tectfica/E. tintinans, with Erythrophleum 
chlorostac/iys woodland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 16.39 14523 6.19 129.12 15173160 32.80 1.40 6.84 

Sep. 1989 15.87 11579 7.82 166.51 14485920 31.32 1.43 7.60 

Apr. 1990 1.88 7910 13.34 212.86 14559120 31.48 1.49 7.79 

Aug. 1990 21.96 16196 5.18 71.28 16992060 36.74 1.41 5.45 

Aug. 1991 33.12 20042 3.59 44.48 17211720 37.21 1.38 5.53 

Jul. 1992 22.03 16959 4.95 71.12 17907960 38.72 1.43 6.31 

Apr. 1993 1.64 8009 13.21 209.51 14636880 31.64 1.49 7.77 

Aug. 1993 19.05 14767 5.90 125.87 15935820 34.45 1.42 6.71 

Apr. 1994 3.88 8681 11.91 201.93 14763360 31.92 1.47 7.83 

Aug. 1994 22.96 14373 5.77 113.92 15723660 33.99 1.42 6.89 

Oct. 1994 29.14 14305 5.33 78.46 15016680 32.47 1.41 5.93 

Apr. 1995 1.96 8194 12.87 211.08 14830080 32.06 1.49 7.98 

Jun. 1995 6.51 8895 11.31 201.67 14583360 31.53 1.47 8.01 

Oct. 1995 2.27 8441 12.46 207.99 15140460 32.73 1.49 8.11 

Apr. 1996 6.77 8772 11.43 202.04 14355780 31.04 1.46 7.97 

Jul. 1996 13.61 13247 7.02 159.23 15389280 33.27 1.42 7.81 

Oct. 1996 16.51 12814 7.01 63.65 19666440 42.52 1.51 7.09 
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Apr. 1997 1.53 7819 13.55 213.13 14465340 31.27 1.49 7.68 

Jul. 1997 26.27 13446 5.90 116.28 14487900 31.32 1.40 6.58 

Sep. 1997 34.69 12246 6.66 82.05 15674700 33.89 1.44 5.82 

May 1998 9.78 10760 9.02 171.77 14915280 32.25 1.45 7.56 

Jun. 1998 31.22 11944 6.19 133.93 13225320 28.59 1.41 6.77 

Sep. 1998 5.45 8386 12.13 190.38 14644320 31.66 1.48 7.98 

May 1999 13.44 4134 2.46 30.23 3447420 7.45 1.41 6.79 

Aug. 1999 23.90 14484 5.65 114.70 17903400 38.71 1.43 11.84 

Oct. 1999 19.27 9612 10.27 190.71 14132100 30.55 1.45 7.86 

Jun. 2000 24.22 10830 7.53 98.97 13604040 29.41 1.42 5.77 

Mean 15.75 11532 8.32 141.22 14921169 32.26 1.44 7.27 

SD 10.57 3555 3.36 59.27 2708032 5.86 0.04 1.25 
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Appendix 2.11. Landscape indices of vegetation patches in the vegetation cover of E. phoenicea /Eucalyptus spp. woodland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 12.97 16047 9.17 348.86 22647420 48.96 1.39 21.69 

Sep. 1989 17.57 13753 10.14 344.12 21687420 46.89 1.42 21.73 

Apr. 1990 0.92 6630 25.28 701.87 19855020 4 2. 93' 1.51 25.78 

Aug. 1990 12.25 14051 10.56 357.83 22179840 47.95 1.40 22.75 

Aug. 1991 27.43 19882 6.17 153.36 22639260 48.94 1.38 13.78 

Jul. 1992 15.96 17096 8.32 202.06 23792520 51.44 1.40 15.26 

Apr. 1993 1.40 6965 23.95 682.78 19964820 43.16 1.50 25.97 

Aug. 1993 13.96 14478 10.05 381.90 23162160 50.08 1.44 24.53 

Apr. 1994 3.78 7777 20.93 560.78 19937340 43.10 1.47 23.50 

Aug. 1994 23.09 17642 7.37 188.39 23144340 50.04 1.41 15.35 

Oct. 1994 28.18 18822 6.46 152.13 21803580 47.14 1.40 11.78 

Apr. 1995 1.24 6810 24.53 628.48 20226720 43.73 1.51 23.75 

Jun. 1995 3.88 7567 21.49 618.81 20514660 44.35 1.49 26.33 

Oct. 1995 0.20 6508 25.94 716.09 19938720 43.11 1.52 26.08 

Apr. 1996 7.59 8775 17.81 454.47 20054460 43.36 1.45 21.08 

Jul. 1996 18.10 20691 6.70 250.70 24235200 52.40 1.38 20.16 

Oct. 1996 3.17 7809 20.98 637.38 21723780 46.97 1.53 27.42 
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Apr. 1997 1.53 6897 24.15 680.72 19931760 43.09 1.51 25.58 

Jul. 1997 29.83 17894 6.63 143.51 20778900 44.92 1.38 11.72 

Sep. 1997 31.82 10906 13.62 356.64 21988080 47.54 1.45 20.95 

May 1998 10.64 10754 14.06 283.15 20466960 44.25 1.44 14.40 

Jun. 1998 27.96 14109 8.64 219.44 20191740 43.65 1.40 16.35 

Sep. 1998 2.29 6944 23.80 644.65 19928760 43.08 1.50 25.07 

May1999 4.90 7799 1.33 10.55 4564680 9.87 1.35 4.33 

Aug. 1999 25.12 19936 6.35 245.44 25886820 55.97 1.42 23.08 

Oct. 1999 17.98 8327 19.32 632.94 20172780 43.61 1.47 26.83 

Jun.2000 24.57 9725 13.12 303.58 17231940 37.25 1.43 13.44 

Mean 13.64 12022 14.33 403.73 20690729 44.73 1.44 20.32 

SD 10.65 4967 7.56 213.39 3684118 7.97 0.05 5.97 
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Appendix 2.12. Landscape indices of vegetation patches in the vegetation cover of E. tintinnans/E. dichromophloia woodland, in 1989-
2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 9.16 8495 2.80 10.91 5960040 12.89 1.32 2.04 

Sep. 1989 11.00 8102 2.87 11.32 5859060 12.67 1.33 2.09 

Apr. 1990 0.72 7978 3.25 12.62 6089760 13.17 1.33 2.05 

Aug. 1990 8.81 8441 2.82 12.00 6013560 13.00 1.33 2.12 

Aug. 1991 22.47 8304 2.44 10.95 5539260 11.98 1.33 2.24 

Jul. 1992 11.53 8621 2.68 11.10 6049500 13.08 1.33 2.10 

Apr. 1993 1.69 8036 3.20 12.52 6080580 13.15 1.33 2.05 

Aug. 1993 8.59 8447 2.83 11.68 6081900 13.15 1.34 2.13 

Apr. 1994 2.78 8011 3.17 11.66 6036960 13.05 1.33 2.03 

Aug. 1994 13.82 8124 2.77 10.28 5746080 12.42 1.32 2.03 

Oct. 1994 22.17 8180 2.49 9.89 5726400 12.38 1.35 2.22 

Apr. 1995 0.95 8054 3.22 12.47 6106200 13.20 1.33 2.05 

Jun. 1995 2.83 8033 3.16 12.34 6043320 13.07 1.33 2.05 

Oct. 1995 0.09 8022 3.26 12.60 6125520 13.24 1.33 2.05 

Apr. 1996 3.45 7919 3.19 12.63 5960400 12.89 1.33 2.07 

Jul. 1996 10.95 8945 2.60 10.66 6213660 13.43 1.34 2.17 

Oct. 1996 2.28 8250 3.08 12.18 6199320 13.40 1.34 2.08 
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Apr. 1997 1.09 8030 3.22 12.53 6105720 13.20 1.33 2.05 

Jul. 1997 22.05 8378 2.43 10.62 5441640 11.76 1.31 2.09 

Sep. 1997 24.55 8310 2.88 11.59 6004260 12.98 1.33 2.09 

May1998 8.41 8027 2.98 11.70 5834040 12.61 1.32 2.05 

Jun. 1998 19.08 7502 2.82 10.59 5458140 11.80 1.33 2.09 

Sep. 1998 0.74 7985 3.25 12.61 6092700 13.17 1.33 2.05 

May 1999 10.87 1924 0.85 4.05 828000 1.79 1.28 2.62 

Aug. 1999 19.42 9006 2.34 8.69 6153900 13.30 1.34 2.18 

Oct. 1999 0.81 7918 3.25 12.67 6044100 13.07 1.33 2.06 

Jun.2000 27.18 6806 2.80 11.65 4789920 10.36 1.32 2.09 

Mean 9.91 7920 2.84 11.28 5725331 12.38 1.33 2.11 

SD 8.65 1268 0.49 1.76 1025998 2.22 0.01 0.12 
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Appendix 2.13. Landscape indices of vegetation patches in the vegetation cover of E. miniata/E. tetrodonta woodland with Plectrachne 
pungens grassland, in 1989-2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 11.93 20118 4.03 207.63 17354400 37.52 1.40 11.61 

Sep. 1989 13.87 17844 4.44 221.36 16579740 35.84 1.43 11.48 

Apr. 1990 1.03 15633 5.83 250.05 17899080 38.70 1.48 10.85 

Aug. 1990 10.86 19183 4.28 222.66 16967160 36.68 1.41 11.51 

Aug. 1991 19.45 21188 3.50 213.81 16024980 34.65 1.38 12.35 

Jul. 1992 13.26 21334 3.74 211.45 17390340 37.60 1.40 11.77 

Apr. 1993 1.69 15966 5.64 238.67 17943240 38.79 1.48 10.57 

Aug. 1993 12.11 19188 4.22 209.52 17324220 37.45 1.42 11.25 

Apr. 1994 1.86 15897 5.68 248.03 17813700 38.51 1.48 10.94 

Aug. 1994 14.60 18902 4.16 226.66 16300200 35.24 1.41 11.73 

Oct. 1994 22.71 19143 3.72 218.83 15096540 32.64 1.38 12.60 

Apr. 1995 0.85 15798 5.78 248.81 17953080 38.81 1.48 10.87 

Jun. 1995 7.03 16646 5.14 215.94 17698920 38.26 1.47 10.00 

Oct. 1995 0.44 15743 5.82 249.29 18066360 39.06 1.49 10.87 

Apr. 1996 4.04 7919 3.19 12.63 5960400 12.89 1.33 2.07 

Jul. 1996 11.08 19571 4.18 221.22 17275800 37.35 1.42 11.43 

Oct. 1996 8.13 19701 4.29 217.18 19150980 41.40 1.47 11.75 
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Apr. 1997 6.84 15716 5.76 249.40 17842500 38.57 1.48 10.90 

Jul. 1997 22.60 18433 3.87 131.67 16612380 35.92 1.41 10.00 

Sep. 1997 23.92 18168 4.28 201.47 17566620 37.98 1.44 13.64 

May1998 6.84 17020 5.04 238.55 17192340 37.17 1.45 11.25 

Jun. 1998 17.91 15382 4.91 241.67 14760180 31.91 1.42 12.18 

Sep. 1998 8.01 16143 5.25 167.22 17597040 38.04 1.48 7.11 

May 1999 13.72 5023 2.06 25.06 3148560 6.81 1.35 4.44 

Aug. 1999 24.89 21869 3.16 150.97 18009840 38.94 1.41 13.07 

Oct. 1999 27.96 18196 4.35 154.17 17855580 38.60 1.46 6.81 

Jun.2000 14.46 14891 5.29 246.29 15544020 33.61 1.45 11.81 

Mean 11.93 17060 4.50 201.49 16256600 35.15 1.43 10.55 

SD 8.00 3667 0.97 61.50 3532803 7.64 0.04 2.58 
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Appendix 2.14. Landscape indices of vegetation patches in the vegetation cover of E. tintinnans/E. dichromophloia woodland, in 1989-
2000 

Time % of Fire NumP MPS PSSD TE ED MSI AWMSI 

Jul. 1989 17.02 6103 5.67 47.67 6065700 13.11 1.35 3.47 

Sep. 1989 22.11 4968 6.54 54.37 5448300 11.78 1.33 3.62 

Apr. 1990 3.10 3621 11.17 89.07 5523960 11.94 1.33 3.76 

Aug. 1990 18.93 5623 6.02 40.78 5920080 12.80 1.35 3.03 

Aug. 1991 37.55 7124 3.66 24.78 6064620 13.11 1.35 3.11 

Jul. 1992 25.86 7499 4.13 33.37 6214260 13.43 1.33 3.12 

Apr. 1993 2.48 3526 11.54 92.45 5493840 11.88 1.33 3.82 

Aug. 1993 9.63 4558 8.27 74.95 5867700 12.69 1.38 4.02 

Apr. 1994 7.02 3787 10.25 77.29 5408940 11.69 1.32 3.53 

Aug. 1994 42.22 7768 3.10 21.51 5821320 12.59 1.33 3.14 

Oct. 1994 30.06 4830 6.04 70.18 4617660 9.98 1.29 3.90 

Apr. 1995 1.27 3489 11.81 93.38 5507100 11.91 1.34 3.73 

Jun. 1995 8.74 3655 10.42 80.95 5386740 11.65 1.34 3.69 

Oct. 1995 0.98 3498 11.81 93.29 5558640 12.02 1.34 3.80 

Apr. 1996 8.54 3926 9.72 82.62 5474940 11.84 1.32 3.78 

Jul. 1996 15.14 5961 5.94 64.02 6236340 13.48 1.36 4.01 

Oct. 1996 2.40 3608 11.29 91.67 5797080 12.53 1.38 3.97 
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Apr. 1997 1.07 3420 12.07 91.77 5459940 11.80 1.33 3.69 

Jul. 1997 24.59 5684 5.54 59.34 5437980 11.76 1.32 4.10 

Sep. 1997 24.02 4177 9.10 84.69 5682120 12.28 1.37 4.06 

May1998 21.06 5203 6.33 35.42 5743200 12.42 1.34 2.75 

Jun. 1998 35.14 4454 6.08 40.22 5064060 10.95 1.36 3.66 

Sep. 1998 4.61 3532 11.27 91.72 5400000 11.67 1.33 3.76 

May1999 11.02 1447 1.84 7.10 895860 1.94 1.33 2.31 

Aug. 1999 23.97 6222 5.10 48.83 6187440 13.38 1.39 3.76 

Oct. 1999 9.13 4270 8.78 62.89 5621640 12.15 1.35 3.37 

Jun. 2000 27.40 3771 8.04 70.46 4713660 10.19 1.34 3.72 

Mean 16.11 4656 7.83 63.88 5430116 11.74 1.34 3.58 

SD 12.17 1458 3.04 25.54 989777 2.14 0.02 0.43 
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Abstract 
Tropical savannas occupy one third of Australia's landmass, and are composed of dense grasslands and 
scattered trees. Both deliberately lit and natural wildfire sweep across the vast monsoonal savannas of 
northern Australia each year and the consequence of these modern fire regimes can be catastrophic for fire-
sensitive plants and animals. This paper presents an interactive methodology which improves the mapping 
accuracy for mapping fire history from Landsat Thematic Mapper data of an area with typical savanna 
landscape characteristics of northern Australia. A satellite image captured in the middle dry season of the 
year 2000 was used. With the visible red, NIR and MIR bands, an unsupervised digital image classification 
was carried out to delineate the burnt patches. These patches were labelled by using field knowledge as 
well as by on-screen assessment of the raw data and signature files for previously confirmed fire scars. 
Spectral overlap between fire scars, water bodies, shadows and miscellaneous geological features was 
observed and was eliminated by using of a binary spatial mask and the Digital Elevation Model (DEM). The 
validity of the fire mapping was assessed with the help of field data as well as using a high spatial resolution 
IKONOS image acquired at the time of the TM data recording. 

1. Introduction 
Wildfire has been considered as one of the major landscape characteristics in the Australian tropical 
savannas. Earlier studies have estimated that over 50% of the savannas in some regions of northern 
Australia are burnt during the 7-month (May-November) dry season each year (Press 1988). Even in 
Kakadu National Park, a United Nation's World Heritage property, an average of 55% of lowland savanna 
habitats and 28% of habitats occupying both sandstone plateau and riverine landforms has been burnt each 
year (Russell-Smith et al. 1997). Depending on a variety of purposes of management and conservation, dry 
season fire is ignited to reduce the level of flammable fuel loads, to encourage 'green pick' for cattle and 
kangaroos, and to create patchy mosaics of burnt and unburnt country to help developing habitat diversity 
(Jacklyn and Russell-Smith 1998). However, the bulk of late dry season uncontrolled wildfire sweeping 
across the Northern Territory of Australia, are catastrophic for fire-sensitive flora and fauna to be the 
consequence of such contemporary fire regimes. To add the understanding of the savanna landscape 
structure and dynamics, fire scars mapping has been carried out using satellite images (Russell-Smith et al. 
1997). 

Acquired in various geometric, radiometric and spectral resolutions, satellite remotely sensed data, multi-
temporal or single post-fire, have been processed successfully to map burnt scars, species affected and 
post-fire recovery (Chuvieco and Congalton 1988, Pereira et al. 1997). Various fire-mapping methods have 
been developed and applied, but most of these focus on the areas where vegetation distribution and 
topographic features are comparatively uniform. However, when mapping bush fire in tropical savannas, 
such as in northern Australia, spectral overlaps between fire scars and terrain shadows, water bodies, 
unburnt canopies, and vegetation regrowth in burnt area create substantial difficulties in separating and 
discriminating fire classes. Russell-Smith et al. (1997) utilized the hard copies of Landsat MSS data to define 
the fire scars. In this study, an interactive fire mapping method that improves the accuracy of bush fire 
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mapping and helps overcome these problems of separation and discrimination was developed for this 
special landscape type in the Australian tropical savanna. 

Study area 
The study area is located on the tropical savannas with typical landscape features in the Top End of the 
Northern Territory, Australia, which is bounded by longitudes 131o48E, 132o27'E and by latitudes 13o41S, 
14017 (Figure 1). 
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Figure 1. Location of the Study Area (Yinberrie Hills, Northern Territory, Australia 

The study area occupies the west part of Nitmiluk National Park and is close to the southwest boundary of 
Kakadu National Park that is inscribed in the World Heritage list for both its cultural and natural values. The 
major land uses in terms of area are Aboriginal land, pastoralism and nature reserves. The regional climate 
is characterised seasonally by rainfall with over 90% occurring in the summer wet season (from November 
to March). The average rainfall is 1 200 mm. Maximum daily temperatures average above 30oC over the 
year (Russell-Smith et al 1995). The wildfire pattern in the study area is characterised in terms of burning 
period during the dry season. The rugged Arnhem Land plateau exists in the east part of the study area with 
an elevation below 400 m. An undulating Cainozoic plain stretches away from the plateau margins and is 
composed of weathered and coarse-grained sediments (Williams 1991). An open forest/woodland type 
dominated by Eucalyptus spp. over a typically grassy understorey is the main vegetation type, while other 
freshwater floodplain communities ranging from sedgelands to open forests dominated by Melaleuca spp. 
distribute along the creeks in lowlands (Wilson et al. 1990, Russell-Smith 1995). 

Methodology 
In this project, one georeferenced Landsat Thematic Mapper image was acquired in June 2000 to 
demonstrate an operational method for the accurate mapping of fire scars that can be employed to extract a 
fire history for the past decade using this data. The accuracy assessment is based on field data and an 
IKONOS high-resolution data acquired within one week of the Landsat data. A 9-second Digital Elevation 
Model (DEM) acquired from Australian Survey and Land Information Group was available for the study area. 

The interactive approach developed here employs a two-tired approach as can be seen in the flow diagram 
(Fig 2). On one hand, a conventional pixel-based, spectral classification is carried out to identify potential fire 
areas. On the other hand, areas that can be recognized as fire scars by the operator are manually 
delineated to provide the coverage of definite fire areas. The spectral classification is based on an 
unsupervised ISODATA algorithm of Landsat TM bands 3,4, and 5 generating 100 spectral classes. 
Considering that vegetation is highly sensitive to fire, the visible red, NIR and MIR bands were used in the 
image classification process, since this band combination has widely been used as a standard in vegetation 
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studies (Conese and Maselli 1993). Each of the resulting classes is displayed on top of the false colour 
composite and assessed as being a fire scar or other land cover. This process is supported by available field 
data and the DEM to indicate potential water bodies and shadow areas. The classes are then aggregated to 
a binary image containing a value of '1 for all pixels that are potentially affected by fire. The manual 
delineation of definite fire areas was achieved by digitising the boundaries from the enhanced false colour 
composite with the help of field knowledge and the DEM. The boundary of fire patches was followed as 
closely as possible, attempting to eliminate shadows, water bodies, and other topographic features that may 
spectrally overlap with fire signatures. The digitised map was converted to a binary image with a value of '1' 
for the identified fire areas. The final fire map is produced by multiplying the binary maps from the 
classification and manual masking process. 

In this project, two types of data were used to carry out accuracy assessment. Ground-truthing data were 
collected by recording fire locations and its coordinates in each 50 m interval by walking along four transects 
of 5 km length each set up uniformly in the study area. This fieldwork was carried out at the time of Landsat 
TM image acquisition. A total of three hundred field observations was used to assess the overall accuracy 
rate of fire mapping. Additionally, five hundred random points were tested on the high spatial resolution 
IKONOS data. 
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Figure 2. Flow chart of image processing steps for fire mapping in Australian savannas 

4. Results and Discussion 
The unsupervised spectral classification resulted in extensive confusion between fire classes, water bodies, 
shadows, and other topographic features such as mixed pixels in catchment areas where vegetation 
signatures are dominated by standing water. A more detailed classification, possibly using more spectral 
bands could be implemented, but there is doubt as to whether the problem could be solved. The real 
difficulty in this task is the nature of the fire scars to be mapped. Within the study area, the frequent fire 
events throughout the dry season lead to a great spectral variation to be tackled in the classification 
process. The fires in this environment burn the dry grass, but leave the sparse tree canopies unaffected. 
Thus the spectral signature is a mixture of the canopies and the burnt grasses, which are black at first, but 
rapidly, become lighter as the ash disperses, and eventually show signs of re-growth. For this reason, a 
relatively large number of spectral classes were generated to minimise the spectral overlap, but a more 
sophisticated classification methodology was not followed as its main goal is to become operational for the 
mapping of long-term fire history. The binary map of potential fire classes is shown in figure 3A. 
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Tx,  

I........... 
Figure 3. Binary maps of (A) potential fire classes, (B) definite fire areas, and (C) the final map of fire scars. 

The false colour composite is shown for reference. 

Rather than attempting to devise a sophisticated classification methodology that may work well in some 
cases, the problem of spectral overlap was solved by utilizing the operator's knowledge of the study area 
and image interpretation. Manually digitising of fire scars has the major disadvantage of being time 
consuming, but on the other hand, it yields great accuracy in recognition, especially in conjunction with 
ancillary data and multiple images that are available for fire history mapping. Having a multi-temporal view 
allows recognition of permanent landscape features. There is a possibility that very small fire events of less 
than 10 pixels may be missed, but such events would be very rare in this environment. The problem in 
relying on this methodology is the accurate boundary delineation. To trace the outline accurately increases 
the time requirement very rapidly. For this methodology, it is important to be accurate in eliminating image 
elements that may be confused with fires. However, the boundaries do not have to be very accurate where 
distinct land cover features adjoin, as the spectral classification will resolve this boundary with the best 
accuracy possible for the data resolution. 

The accuracy of the final map was 91% and 94% according to field data and IKONOS data respectively. 
Even though the overall accuracy rate assessed by IKONOS data was reduced because of some errors 
occurred in the visual interpretation, this method could be an easy and extensive approach for accuracy 
assessment. Some of the errors can be attributed to the time difference between the acquisition of Landsat 
TM image and the IKONOS data as there is a distinct possibility of several fire events occurring in a single 
week during the middle dry season. The methodology developed is subjective as it depends on operator 
knowledge, and moderately time intensive depending on the number of fire events present in the data, but it 
is robust as no radiometric corrections are required and produces highly accurate and reliable results. This 
is of great importance for fire history mapping, as there is no available ground truth for past image dates. 

Acknowledgment 
This study is a part of Yue Zhangs PhD project supported by Australian Cooperative Research Centre for 
Sustainable Development of Tropical Savannas and Australian Research Council Key Centre for Tropical 
Wildlife Management. Parks and Wildlife Commission of Northern Territory, Australia, funded acquisition of 
images. We are grateful for these supports. Thanks should also go to Mr Joshua Forner, Mr Craig Hempel, 
and Mr Andrew Edwards, for their field help and suggestions. 

References 
Chuvieco, E., and Congalton, R. G., 1988. Mapping and inventory of forest fires from digital processing of 
TM data. Geocarto International, 4, 41-53. 

Conese C., and Maselli F., 1993. Selection of optimum bands from TM scenes through mutual information 
analysis. ISPRS Journal of Photogrammetry & Remote Sensing. 48, 2-11. 

Jacklyn, P. and Russell-Smith, J., 1998. Proceedings from the North Australia Fire Management Workshop, 
Tropical Savannas CRC, Darwin, pp.  1-40. 

-A 38- 



Appendix 

Pereira, J. M. C., Chuvieco, E., Beaudoin, A., and Desbols, N., 1997. Remote sensing of burned areas. In: A 
review of remote sensing methods for the study of large wildland fires, edited by E. Chuvieco, Alcala de 
Henares, Spain, pp. 127-183. 

Press, A. J., 1988. Comparisons of the extent of fire in different land management systems in the Top End of 
the Northern Territory. Proceedings of the Ecological Society of Australia. 15, 167-175 

Russell-Smith, J., Needham, S., and Brock, J., 1995. The physical environment. In: Kakadu: Natural and 
Cultural Heritage and Management, edited by A. Press, A. J. Lea, A. Webb and A. J. Graham, Australian 
Nature Conservation Agency and North Australia Research Unit, Australian National University, Darwin, pp. 
94-126 

Russell-Smith, J., Ryan, P., and Durieu, R., 1997. A LANDSAT MSS-derived fire history of Kakadu National 
Park, monsoonal northern Australia, 1980-94: seasonal extent, frequency and patchiness. Journal of Applied 
Ecology, 34: 748-766. 

Williams, M. A. J., 1991. Evolution of the landscape. In; Monsoonal Australia: Landscape, Ecology and Man 
in the Northern Lowlands, edited by C. D. Haynes, M. G. Ridpath and M. A. J. Williams, Balkema, The 
Netherlands, pp.  5-17 

Wilson, B. A., Brocklehurst, P. S., Clark, M. J., and Dickinson, K. J. M., 1990. Vegetation survey of the 
Northern Territory, Technical Report No. 49, Conservation Commission of the Northern Territory, Darwin, 
Australia. 

-A 39- 



Appendix 

Appendix 4. 

Yue Zhang, D. M. Pearson, P. J. Whitehead and W. Ahmad, "Mapping and spatial analysis for 
savanna wildfire history in northern Australia by remotely sensed data and GIS," IGARSS 2001. 
Scanning the Present and Resolving the Future. Proceedings. IEEE 2001 International Geoscience 
and Remote Sensing Symposium (Cat. No.01CH37217), Sydney, NSW, Australia, 2001, pp. 
792-794 vol.2.

Available at: https://doi.org/10.1109/IGARSS.2001.976638

Please note that this article has been removed due to copyright restrictions.

II. STUDY AREA

-A 40 -

https://doi.org/10.1109/IGARSS.2001.976638


Appendix 

Appendix 4. 

Yue Zhang, D. M. Pearson, P. J. Whitehead and W. Ahmad, "Mapping and spatial analysis for 
savanna wildfire history in northern Australia by remotely sensed data and GIS," IGARSS 2001. 
Scanning the Present and Resolving the Future. Proceedings. IEEE 2001 International Geoscience 
and Remote Sensing Symposium (Cat. No.01CH37217), Sydney, NSW, Australia, 2001, pp. 
792-794 vol.2.

Available at: https://doi.org/10.1109/IGARSS.2001.976638

Please note that this article has been removed due to copyright restrictions.



Appendix 

-A 42 -

Appendix 4. 

Yue Zhang, D. M. Pearson, P. J. Whitehead and W. Ahmad, "Mapping and spatial analysis for 
savanna wildfire history in northern Australia by remotely sensed data and GIS," IGARSS 2001. 
Scanning the Present and Resolving the Future. Proceedings. IEEE 2001 International Geoscience 
and Remote Sensing Symposium (Cat. No.01CH37217), Sydney, NSW, Australia, 2001, pp. 
792-794 vol.2.

Available at: https://doi.org/10.1109/IGARSS.2001.976638

Please note that this article has been removed due to copyright restrictions.



Appendix 

Appendix 4. 

Yue Zhang, D. M. Pearson, P. J. Whitehead and W. Ahmad, "Mapping and spatial analysis for 
savanna wildfire history in northern Australia by remotely sensed data and GIS," IGARSS 2001. 
Scanning the Present and Resolving the Future. Proceedings. IEEE 2001 International Geoscience 
and Remote Sensing Symposium (Cat. No.01CH37217), Sydney, NSW, Australia, 2001, pp. 
792-794 vol.2.

Available at: https://doi.org/10.1109/IGARSS.2001.976638

Please note that this article has been removed due to copyright restrictions.



Appendix 

-A 44 -

Appendix 4. 

Yue Zhang, D. M. Pearson, P. J. Whitehead and W. Ahmad, "Mapping and spatial analysis for 
savanna wildfire history in northern Australia by remotely sensed data and GIS," IGARSS 2001. 
Scanning the Present and Resolving the Future. Proceedings. IEEE 2001 International Geoscience 
and Remote Sensing Symposium (Cat. No.01CH37217), Sydney, NSW, Australia, 2001, pp. 
792-794 vol.2.

Available at: https://doi.org/10.1109/IGARSS.2001.976638

Please note that this article has been removed due to copyright restrictions.



-s-' -77) 

ZF1A 

1c.D.u. LIBRARY! 

Charles Darwin University 

000478972 5 




