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Abstract 

 

In tropical savannas, one of the most fire-prone biomes on Earth, fire management is a continuous and 

iterative process that can only be effectively achieved with thorough consideration of fire regimes. 

Based on remotely sensed imagery and in-situ field data, key fire regime components were assessed 

for tropical savannas of northern Australia (frequency, patchiness, intensity, and severity) and Brazil 

(frequency). The discrete lognormal model was found to be the best method for modelling fire 

frequency in tropical savannas, and demonstrated that fire frequency is very high in both countries. In 

northern Australia, fire patchiness was lower in the late dry season, characterized by shorter and fewer 

unburned patches, than in the early dry season. Fire intensity and severity were highest in the late dry 

season. The observed temporal differences are consistent with the hypothesis that climate is the main 

driver of fire regime seasonality. Fuel load and fuel continuity explained fire regime differences 

between vegetation types. Fire season was bimodal, with peaks in May and October, related to periods 

of anthropogenic fire and optimal fire weather conditions. Prescribed burning in the early dry season 

can increase the patchiness and reduce the intensity of late dry season fires, with substantial benefits 

for biodiversity and a reduction in greenhouse gas emissions. 

 

Keywords: Australia, fire frequency, fire intensity, fire patchiness, remote sensing. 
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Resumo 

 

Título: Frequência, mosaico espacial e intensidade do fogo em savanas tropicais: análise com 

dados de campo e deteção remota 

 

Nas savanas tropicais, um dos biomas terrestres mais propensos ao fogo, a sua gestão é um processo 

contínuo e iterativo que só pode ser realizada tendo em consideração o regime do fogo. Com base em 

imagens de deteção remota e dados de campo in-situ, os principais componentes do regime do fogo 

foram avaliados nas savanas do norte da Austrália (frequência, mosaico espacial, intensidade e 

severidade) e Brasil (frequência). O modelo lognormal discreto foi considerado o mais adequado para 

esta análise e revelou elevadas frequências de fogo nos dois países. Na Austrália, o mosaico do fogo 

apresentou manchas não ardidas mais curtas e menos frequentes no final da estação seca, em relação 

ao início da estação seca. A intensidade e severidade do fogo foram mais elevadas no final da estação 

seca. As diferenças temporais observadas são consistentes com a hipótese do clima ser o principal 

fator explicativo das diferenças sazonais no regime do fogo. A carga e continuidade do combustível 

explicaram as diferenças observadas no regime do fogo entre tipos de vegetação. A época de incêndios 

foi bimodal, com picos em Maio e Outubro, relacionados com fogo de origem antropogénica e 

condições climáticas favoráveis à ocorrência de incêndios. O uso de fogos controlados no início da 

estação seca reduz a intensidade e aumenta a heterogeneidade do mosaico do fogo no final da estação 

seca, com benefícios significativos para a biodiversidade e redução dos gases de efeito de estufa.  

 

Palavras-chave: Austrália, frequência do fogo, intensidade do fogo, mosaico do fogo, deteção remota. 
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Thesis aim and overview 

 

This thesis was developed under the scope of the West Arnhem Land Fire Abatement (WALFA) 

project, recipient of a prestigious EUREKA Award for “Innovative solutions for climate change”. 

WALFA’s main goal is to contribute towards offsetting industrial greenhouse gas emissions from the 

oil industry in the Northern Territory (NT) of Australia. Emissions offsetting will be accomplished by 

working with Aboriginal landowners, to modify the current fire regime in the tropical savannas of the 

NT, such that the majority of the area burned occurs during the early dry season, under relatively 

benign meteorological conditions and moderate vegetation moisture content. Early dry season burning 

results in lower greenhouse gas emissions and has less severe impacts on biodiversity than late dry 

season fires, which typically consume drier fuels and occur under more severe fire weather. The 

desired shift in burned area towards the early dry season will imply an increase in the patchiness of 

burned areas and in the heterogeneity of fire intensity and severity of fire effects. 

In this context, the main goal of this thesis was to characterise key components of fire regime in 

tropical savannas of northern Australia: frequency, patchiness, and intensity and severity, by season 

and major vegetation type. The research topics addressed are not only valuable from a fire ecology 

perspective, but also contribute key information to support landscape-scale fire management decisions 

in the tropical savannas of Australia, and other regions of the world. 

The specific objectives of this thesis were: 

i) Characterization of fire frequency in Australian tropical savannas, using satellite-based burned 

area maps; 

ii) Characterization of fire frequency in Brazilian tropical savannas, using satellite-based burned 

area maps, and comparison with Australian tropical savannas; 

iii) Testing the performance of different probability models for fire frequency analysis;  

iv) Characterization of fine-scale patchiness and fire severity using ground measurements; 

v) Analysis of seasonal differences in fire spatial patterns;  

vi) Analysis of the implications of spatial resolution and classification segmentation threshold on 

burned area mapping accuracy; 

vii) Characterization of fire intensity using satellite measurements of fire radiative power.  



xi 

 

Thesis structure 

 

This thesis is structured as follows: 

Chapter 1: An introduction with i) a description of tropical savannas in Australia and Brazil, regarding 

climate, vegetation, history, main potential threats, and the use of fire; ii) definition of fire regime and 

its main components: fire frequency, fire patchiness, fire intensity, and fire severity; iii) the 

importance of fire management; iv) tropical savannas as a source of greenhouse gas emissions; and v) 

remote sensing of fire in tropical savannas. 

Chapter 2: A brief description of the study areas, data, and methods used in this work. A more 

comprehensive description is given in the subsequent articles. 

Chapter 3: A publication section with a total of five papers, accepted or submitted, in peer-reviewed 

international journals, as outputs of the work described. The first article was published and is 

presented in its original format. The following articles were submitted and are presented according to 

the respective journal guidelines. 

Chapter 4: Conclusions and key findings arising from work undertaken during this thesis, and future 

work perspectives. 
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CHAPTER 1: 

INTRODUCTION 

1. Tropical savannas 

Tropical savannas are generally defined as a discontinuous tree stratum overlying a continuous 

grassy ground layer, occurring in regions subject to a wet-dry tropical climate (Mott and 

Andrew 1985; Walker and Menaut 1988; Haynes et al. 1993). Rainfall in tropical and 

subtropical grasslands, savannas, and shrublands is between 500 and 1300 millimetres a year 

(Rutherford 2009), and can be highly seasonal, with the entire year's rainfall sometimes 

occurring in just a few months of the wet season. Tropical savannas cover almost a third of the 

world´s land surface and are found in Africa, Australia, South America, India and South-East 

Asia (Figure 1).  

 

Figure 1. Main tropical savanna regions of the world (source: Olson et al. 2001).  
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Tropical savannas are very important in terms of biodiversity and culture. They are a major 

reservoir of biodiversity, providing habitats for hundreds of species of native plants, mammals, 

birds, reptiles, amphibians and tens of thousands of different species of invertebrates (Solbrig et 

al. 1996). Many species in all these groups are found nowhere else in the world. In cultural 

terms, the Australian tropical savannas for example, are home to a diverse and distinctive 

Aboriginal culture. Aboriginal communities manage a large fraction of the land area of the 

region. In Brazil, indigenous communities use around 300 different species of the Cerrado flora 

as food, medicine or as raw material for handicraft products (Furley and Ratter 1988). The 

sustainable use of tropical savannas requires a predictive understanding of their structure, 

function and resilience in the face of climatic and landscape variability, and disturbance. 

The composition, structure and dynamics of savannas depend on the abundance and structure of 

the tree stratum, the  composition of the tree stratum in terms of deciduous and  evergreen 

elements, the standing crop and productivity of  the grasses,  the relative abundance of annual 

and  perennial grasses, and the fauna, both vertebrate and  invertebrate (Goldstein et al. 1988; 

Skarpe 1992). Fire is another determinant of savanna function playing a significant role in 

regulating the vegetation structure and functioning of savanna systems, including influences on 

the dynamic balance between woody plants and flammable grasses (Scholes and Archer 1997; 

Higgins et al. 2000). 

1.1. Australian tropical savannas 

In Australia, tropical savannas represent around one quarter of the total area of the country, 

stretching from the Indian Ocean in the west to the Pacific in the east. They border desert 

country to the south, rainforest on the east coast and are fringed by floodplains and scattered 

with monsoon forest patches in the north. They encompass northwest Western Australia, the 

northern half of the Northern Territory and north Queensland (Figure 2). Population density is 

high in most of the world's tropical savannas. In Australia, by contrast, tropical savannas 

support a very low population density (<0.01 persons km
2
 outside of towns and settlements) and 

few areas have been cleared for agriculture (Ridpath 1985; Anon 1993). Partly as a result of 

this, Australia is the only country in the world with vast areas of savannas which are relatively 

intact ecologically (Woinarski and Braithwaite 1990).  

The climate of northern Australia is monsoonal, characterised by marked rainfall seasonality, 

with over 90% precipitation falling in the summer, wet season months (December-April). 
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Monsoonal rains are annually reliable, although the volume received varies markedly from year 

to year (Taylor and Tulloch 1985). Mean annual rainfall declines from over 1500mm in the 

north-west to 1000mm in the far southeast. Daily maximum temperatures average above 30◦C 

over the year. The dry season can be divided into an early dry season (EDS), from May to July, 

and a late dry season (LDS) from August to November. Winds during the dry season are 

predominantly from the south-east, tending north-west in the monsoonal months (McAlpine 

1976; Gill et al. 1996).  

 

Figure 2. The extent of tropical savannas in Australia. 

 

Vegetation cover in northern parts of the savannas is mostly eucalypt-dominated woodlands 

present on a range of typically nutrient-poor soils, becoming increasingly open-canopied and 

lower in stature with declining rainfall. In the south, woodland savannas give way to the vast 

hummock grasslands of the central Australian dune fields (Specht 1981). The major vegetation 

types studied in this thesis were based on the vegetation structure mapping produced by 

Edwards and Russell-Smith (2009): 1) woodlands (WD), typically dominated by Eucalyptus 

tetrodonta and Eucalyptus miniata, with less than 30% foliage projected cover (FPC), with an 

understory of perennial and annual grasses; 2) open woodlands (OWD), also dominated by 

Eucalyptus tetrodonta and Eucalyptus miniata, with less than 10% FPC; 3) open forests (OF), 

dominated by tall Eucalyptus spp. (8-20m) with a canopy cover >30%, developed on well 
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drained deeper sands, over a range of shrubs and slender perennial and annual grasses; 4) closed 

forests (CF), dominated by the myrtaceous sclerophyll Allosyncarpia ternata, occurring in a 

variety of situations, but typically in rugged, broken terrain; 5) sandstone heaths (SH), 

comprising a diversity of shrubs and occasional small trees, over a diverse herbaceous ground 

layer dominated by perennial hummock (Triodia) grasses, occupying rugged, dissected 

substrates derived from sandstone; 6) sandstone woodlands (SWD), dominated by Eucalyptus 

spp., with well-developed shrub layers and a mixture of native perennial and annual tussock and 

hummock (Triodia) grasses, occurring on shallow to rocky soils also derived from sandstone. 

 

Figure 3. Example of two landscapes of the tropical savannas of Australia: a) open forest, and b) 

sandstone woodland. 

1.1.1. History and threats 

Human modification of fire patterns in the tropical savannas of northern Australia probably 

began with the first arrival of Aboriginal Australians about 50 000 years ago (Kershaw et al. 

2002). Fire patterns saw a shift from large-scale, lightning derived fires occurring late in the dry 

season to numerous patchy, smaller-scale fires occurring throughout the dry season (Lewis 

1994; Bowman 2002). Aboriginal people used fire extensively for a range of customary and 

management purposes, burning parts of the landscape as soon as the fuels dried sufficiently to 

carry a fire (Jones 1980; Haynes 1985, 1991; Braithwaite 1991; Russell-Smith et al. 1997, 

2003c; Yibarbuk et al. 2001; Preece 2002). After the European colonization, around 1880, the 

depopulation of indigenous land managers from across the northern savannas, resulted in a 

substantial decline in the extent of indigenous fire management practice. There was a marked 

shift in fire regime from one dominated by the extensive application of small, early dry-season 

fires to one where most of the annual fire area is a result of large, and more intense wildfires in 
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the late dry season (Bowman 1998; Russell-Smith et al. 2003c). This has had negative 

consequences for biodiversity in general (Trainor and Woinarski 1994; Franklin 1999; 

Woinarski et al. 2001) and particularly for obligate seeding plant species (e.g. Callitris 

intratropica) (Bowman and Panton 1993; Bowman et al. 2001; Russell-Smith et al. 2002; 

Liddle and Gibbons 2006). In contrast, on pastoral lands, the restricted absence of burning is in 

some cases leading to native and exotic woody species invading (e.g. Acacia nilotica and 

Parkinsonia aculeata, with profound ecologic and economic consequences. Changed fire 

regimes have also been implicated in widespread and alarming declines in many bird (Franklin 

1999) and mammal (Woinarski et al. 2001) species. 

1.1.2. Fire 

Fires across northern Australia are lit mostly by people for a variety of purposes associated with 

Aboriginal land management/cultural practices, the pastoral industry, and conservation 

management (e.g. Press 1988; Lewis 1989; Haynes 1991; Head et al. 1992; Russell-Smith et al. 

1997). Lightning strikes cause relatively few fires at the start of the annual wet season. An 

annual mean of 19% of the 1.9 million km
2
 tropical savannas region (i.e. 25% of the continental 

landmass) was fire-affected over the period 1997–2005, with fire return intervals of one to two 

years , making this by far the most fire-prone extensive landscape type in Australia (AGO 2007; 

Russell-Smith et al. 2003b, 2007). Because of the fire-prone vegetation, low human population 

densities and associated infrastructure development, a reliably long dry season, and mostly 

subdued terrain, fires may burn over tens of thousands of square kilometres (Luke and 

McArthur 1978, Yates et al. 2008). Fire activity is unevenly distributed spatially, occurring 

mostly in higher-rainfall, biodiversity-rich, remote and rugged terrain in northern coastal and 

sub-coastal areas, often under Aboriginal land tenure arrangements. It is also variable 

temporally, occurring mostly as uncontrolled wildfires in the latter half of the ≥ 6 month dry 

season under relatively severe fire-weather conditions (Russell-Smith et al. 2003b, Whitehead et 

al. 2003). As the dry season progresses, the grass fuels cure, litter accumulates, the weather 

becomes warmer and windier, and consequently fires become more intense and more extensive 

(Williams et al. 1998, 2002).  

1.2.  Brazilian tropical savannas 

The Brazilian tropical savanna, also known as Cerrado, originally covered 2 millions km
2
, or 

approximately 23% of Brazilian territory (Gottsberger and Silberbauer-Gottsberger 1983, 2006), 
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and is the most extensive woodland-savanna in South America. It is located in the central-

western part of the country, particularly in the states of Mato Grosso, Tocantins, Minas Gerais 

and Goiás (Figure 4). The Cerrado includes one of the most diverse and intact tropical 

grasslands on the planet. It is the second largest and richest biome in Brazil, after Amazonia, 

and the most biologically richest savanna in the world, with about 10 000 plant species (Silva 

and Bates 2002). Many species of plants are endemic, and several are adapted to the high 

aluminium content of the soils (Furley and Ratter 1988). There are nearly 200 species of 

mammal in the Cerrado, though only 14 are endemic, and 10 endemic bird species. The 

government has protected 1.5% of the Cerrado biome in Federal Reserves (Ratter et al. 1997). 

 

Figure 4. The extent of the Cerrado in Brazil, in the states of Maranhão (MA), Piauí (PI), Tocantins (TO), 

Bahia (BA), Goiás (GO), Minas Gerais (MGE), São Paulo (SP), Mato Grosso (MG), and Mato Grosso do 

Sul (MGS). 

 

The climate in the Brazilian Cerrado is tropical and strongly seasonal, with well-defined dry and 

wet seasons (Assad 1994). Average precipitation for over 90% of the area is 800±2000 mm and 

average annual temperatures are 18±28 °C (Coutinho 1978). The dry season (April to 

September/October) can be divided into an early dry season (EDS), from April to May, a middle 
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dry season (MDS), from June to July, and a late dry season (LDS), from August to 

September/October). 

The vegetation cover of landscapes in the Cerrado is usually dominated by cerrado sensu lato, a 

gradient of physiognomies ranging from grasslands to woodlands and forests (Eiten 1972, 

Coutinho 1978; Oliveira and Ratter 2002; Ribeiro and Walter 2008). Cerrado sensu lato is the 

matrix of uplands, where semi-deciduous forests, deciduous forests and rocky grasslands 

usually cover smaller areas. Gallery forests, marshes, floodplain grasslands, and veredas occur 

in valleys (Oliveira and Ratter 2002). The major vegetation types studied in this thesis were: 1) 

shrub savannas (SS), an herbaceous-shrubbery physiognomy with sparse shrubs over 

grasslands; 2) open woodlands (OWD), a woody physiognomy with sparse trees and shrubs 

over grasslands, with a woody layer denser than in shrub savannas, and a FPC ranging from 5% 

to 20%; 3) dense woodlands (DW), a woody physiognomy with sparse trees and shrubs over 

grasslands, with a woody layer denser than in OWD, and a FPC ranging from 50% to 70%; 4) 

veredas (VR), a swamp area dominated by buriti palm (Mauritia flexuosa) along small rivers 

and surrounded by belts of humid grassland (Ribeiro and Walter 2008), featuring golden-grass 

(Syngonanthus nitens); 5) gallery forests (GF), a riparian physiognomy along small rivers where 

the trees form a gallery over the watercourse with crowns overlapping, with a FPC ranging from 

70 to 95%; 6) ciliary forests (CIF), a riparian physiognomy present along medium and big rivers 

where trees do not form a gallery over the watercourse, and are predominantly deciduous, with a 

FPC ranging from 50 to 90%; 7) shift cultivation (SC), an agricultural system that involves an 

alternation between cropping for a few years on selected and cleared plots and a lengthy period 

when the soil is rested (Ruthenberg  1971). 

 

Figure 5. Example of two landscapes of the Cerrado: a) open woodland, and b) vereda with Buriti palms 

along a creek, surrounded by grasslands (courtesy of Alfredo Pereira). 
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1.2.1. History and threats 

For many years the Cerrado was only populated by native Brazilians, who cleared only a few 

small areas for cattle grazing, raising crops, and hunting and fishing for subsistence. Recently 

the Cerrado has been connected to the more populated areas of Brazil due to the construction of 

railways and roads. Since the mid-1960s, agriculture expansion to produce soya, maize, and rice 

pose major threats to the Cerrado. Agriculture underwent huge development because of various 

subsidies, including very generous tax incentives and low interest loans, which caused an 

enormous establishment of highly mechanized, capital intensive system of agriculture. 

Presently, legal deforestation and land clearance are the great drivers of Cerrado formation loss. 

Degradation as a result of development, water projects, and the huge numbers of cattle that are 

raised in planted pastures are destroying native grassland habitats (Jepson 2005). Charcoal 

production for the Brazilian steel industry is also problematic. By 1994, an estimated 695 

000km
2
 of the Cerrado (representing 35% of its area) had been converted to anthropic landscape 

(Oliveira and Marquis 2002; Jepson 2005). In total, 37.3% of the Cerrado has already been 

totally converted for agriculture use, while an additional 41.4% is used for pasture and charcoal 

production. The gallery forests in the region have been among the most heavily affected. It is 

estimated that only 21.3% of the original vegetation in the Cerrado remains intact today.  

1.2.2. Fire 

The Cerrado is influenced by natural and man-made fire (Coutinho 1978; Miranda et al. 2002). 

Human-caused fires are happening at a much higher frequency than in the past (Ramos-Neto 

and Pivello 2000). Aboriginal inhabitants of these regions learned to use fire as a tool, to 

increase the fodder to offer to their domesticated animals. Nowadays, frequent burning 

associated with agriculture practices has considerably changed fire regimes in the Cerrado. The 

current fire regime is characterized by extensive and frequent anthropogenic fires, that occur 

most often during the middle and later months of the 6-month dry season (April to September), 

under severe fire-climate conditions (Coutinho 1982b, 1990; Mistry 1998). Fire return intervals 

are usually very short, from one to four years (Coutinho 1982b, 1990; Mistry 1998; Miranda et 

al. 2009) affecting from a quarter to a third of the biome (Coutinho 1990; França and Setzer 

2001). Although the Cerrado is a fire-prone biome and vegetation shows all the usual 

adaptations to fire, such as thick corky bark, xylopodia (lignotubers) and tunicate leaf-bases in 

grasses (Eiten 1972), too frequent burning causes destruction, leading to soil degradation, 
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overall biodiversity loss and an increase in greenhouse gases emissions (Coutinho 1982a, 1990; 

Mistry 1998; Miranda et al. 2009; Shlisky et al. 2009). 

2. Fire regime 

The term fire regime as defined by Gill (1975) is now a commonly used concept to describe the 

key components of fire and its effects in a particular ecosystem over an extended period of time. 

The fire regime includes the frequency between successive fire events on the same area in the 

landscape, the season, or time of year in which a fire occurs, and the intensity of fire. Several 

authors have included spatial characteristics of a fire, such as total area or patchiness, as a fourth 

component of the fire regime (Tolhurst 1992; Whelan 1995). This thesis focused on key 

components of a fire regime: fire frequency, fire patchiness, and fire intensity. Fire severity was 

also assessed, due to its correlation to fire intensity (Keeley 2009).  

The ecological need to provide an appropriate fire regime is often at odds with the principles 

and goals of fire management. Inappropriate fire regimes can lead to major changes in 

community structure, including a substantial risk of extinction (Gill and Bradstock 1995; 

Charrette et al. 2006; Fisher et al. 2009) with climate change consequences in many parts of the 

world (Flannigan et al. 2000; McKenzie et al. 2004; Cochrane and Barber 2009; Malhi et al. 

2009). Substantial progress has been made in recent years to understand fire regimes and their 

effects in northern Australian (e.g. Russell-Smith and Edwards 2006; Edwards and Russell-

Smith 2009, Bradstock 2010), central Brazil (e.g. Barbosa and Fearnside 2005; Silva and 

Batalha 2010) and other savanna systems of the world (e.g. Bravo et al. 2001; Balfour and 

Howison 2002; Govender et al. 2006, Falk et al. 2007). 

2.1. Fire frequency 

Fire frequency quantifies how often fires burn in a particular area. If fires are too frequent, 

plants may be killed before they have matured, or before they have set sufficient seed to ensure 

population recovery. If fires are too infrequent, plants may mature, senesce and die, without 

ever releasing their seed. Fire frequency studies are usually performed to estimate a time since 

fire (‘survival’) distribution, a fire interval (‘mortality’) distribution and hazard of burning, 

which is given by the ratio between the mortality and survival distributions (Johnson and 

Gutsell 1994). The survival distribution, A(t), measures the cumulative proportion of the entire 

landscape unaffected by fire longer than time t;  the mortality distribution, f(t), is the probability 
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of having fires in the interval t to t+ Δt; the hazard of burning, λ(t), measures the proportion of 

landscape burning in each time period, or the probability of fire occurring in a time interval, 

assuming survival up to the beginning of the interval (Johnson and Gutsell 1994). Hazard of 

burning can be interpreted as a measure of risk assuming survival up to the beginning of the 

interval.  

Fire occurrence may be approximated as a random process, because there is some degree of 

indeterminacy associated with the timing of fires. Consequently, probability models may be 

more appropriate to describe fire frequency than simple descriptors of central tendency and 

dispersion. From the set of statistical models used to describe the probability of fire, the most 

widely used is the continuous Weibull model due to its mathematical convenience, flexibility 

and ability to model a variety of positively skewed distributions (Clark 1989; Johnson 1992; 

Agee 1993; Swetnam and Baisan 1996; Grissino-Mayer 1999; Polakow and Dunne 1999). 

However, Falk and Swetnam (2003) question the appropriateness of continuity as an assumption 

for fire regimes where fire interval data are acquired, at best, on an annual time frame. Both fire 

records and fire events are series of discrete, binary events, with fire occurrence having a finite 

probability each year, with an outcome of fire or no fire. These authors suggested that fire 

intervals are lognormally distributed. In order to assess whether fire frequency in tropical 

savannas is better modelled by a continuous or discrete distribution, the performance of three 

probability models was tested in this thesis: the continuous and discrete Weibull models, and the 

discrete lognormal model.  

2.2.  Fire patchiness 

Fire patchiness refers to the area and pattern of burned and unburned patches. It is the degree of 

fuel consumption and it is related to fire severity. Fire patchiness can occur at a continuous 

range of scales and three types of fire patchiness can be defined: landscape patchiness, the 

pattern of burned and unburned patches across an entire landscape; internal patchiness, 

unburned islands within a fire perimeter; and the ‘invisible mosaic’, which refers to patches 

formed as a result of different intervals between fires or different times since the last fire (Gill et 

al. 2003). The invisible mosaic is not obvious by inspection since repeat fire scars disappear 

with time. In this thesis only internal patchiness was studied.  

Fire patchiness is an important part of the fire regime because unburned patches can affect 

ecological processes such as local extinction and recolonisation. The unburnt islands within a 
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fire can reduce the impact of that fire on the biota and environment (Christensen 1980). Fire-

sensitive plants can survive in patches during a fire and therefore these patches can become 

important sources of seed for propagation of seedlings within the burnt area, especially when an 

area is being burnt frequently enough that local extinction of obligate-seeder plant species can 

occur. Unburned patches can be shelter sites for animals during the fire and sources of 

recolonisation after a fire. Patches also have implications for watershed hydrology and fire 

ground operations and management, and can improve soil stability. Increasing fire patchiness 

through the use of patch burning is a key issue for a sustainable adaptive fire management plan 

(Parr and Andersen 2006; Penman et al. 2007). 

Quantifying patchiness is not simple because of its continuous range of scales and also because 

patches cannot always be readily detected by remote sensing techniques. A study on fire 

patchiness in northern Australia suggested that fires are much patchier than satellite-derived 

maps indicate (Price et al. 2003). A number of approaches are currently used to quantify fire 

patchiness: transect sampling methods, tests of non-randomness, quadrat variance methods, 

spectral analysis, fractals, spatial autocorrelation, wavelet analysis and lacunarity analysis 

(Fortin and Dale 2005). Methods based on points per quadrats are more time consuming and 

allow for less area sampled when compared to the use of transects (Bauer 1943, Heady et al. 

1959). All the above methods generate only one index calculated for a single spatial scale 

except lacunarity, wavelet and spectral analysis that have the clear advantage of considering a 

range of scales (Dale 2000). Lacunarity analysis has the advantage of distinguishing between 

complementary patterns, allowing for statistical significance tests of the patterns detected, 

exhaustive sampling to quantify changes, simple implementation and its readily interpretable 

graphic results (Plotnick et al. 1993) that can distinguish between different patterns. 

2.3.  Fire intensity 

Fire intensity describes the physical combustion process of energy release from organic matter 

(Keeley 2009). There are several broad measures of fire intensity: heat per unit area, reaction 

intensity, fire-line intensity, and radiant energy (Biswell 1989). Fire line intensity is presented in 

the literature as the only appropriate measure for fire intensity (e.g. Johnson 1992; Michaletz 

and Johnson 2003; Chatto and Tolhurst 2004; Sugihara et al. 2006). Byram’s (1959) fire line 

intensity measures the rate of energy released per unit length of the fire front (kWm−1). 

Although fire line intensity provides critical information for fire suppression activities and has 

been incorporated into fire danger rating calculations (Salazar and Bradshaw 1986; Hirsch and 
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Martell 1996; Weber 2001), it has important limitations particularly in how it is measured and 

the ability to make ecosystem comparisons (Keeley 2009). Other metrics, such as radiant energy 

are a more readily measurable metric for fire intensity in remote imaging studies of fire impacts 

(Wooster et al. 2003; Dennison et al. 2006).  

The fire radiative power (FRP) is a measure of the rate of radiant heat output from a fire, which 

is related to the rate at which fuel is being consumed (Wooster et al. 2005). FRP data are 

available from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on the 

Terra and Aqua polar-orbiting platforms, and from the Spinning Enhanced Visible and Infrared 

Imager (SEVIRI) sensor on the Meteosat geostationary satellite. The MODIS sensor has some 

advantages: the high sensor saturation level (500 K; Justice et al. 2006), and the high 

radiometric and geometric data quality (that makes night and day active fire detection possible); 

it is the only instrument that measures FRP globally on a daily basis (Justice et al. 1998; 

Salomonson et al. 2006) and its platforms are in stable orbits that do not drift over time. For 

these reasons MODIS FRP data were chosen to characterize fire intensity in tropical savannas of 

Australia, where substantial seasonal differences in fire line intensities have been observed 

under experimental conditions in northern Australia (Williams et al. 1998; Russell-Smith et al. 

2003c).  

2.4. Fire severity 

Fire severity describes the direct impact of the fire and the post-fire effects on the combustible 

material and it is correlated with fire intensity (Keeley 2009). In most studies it has been 

measured by organic matter loss, both aboveground and below ground, such as post-fire 

proportions of biomass in the ground layer (Russell-Smith and Edwards 2006) and char and 

scorch height. Char height is the height above ground of blackened fire affected material and 

scorch height is the height above ground of heat affected (scorched) foliage. Because direct 

measurement of the intensity of fires is not always possible, these post-fire indicators may be all 

that is available to researchers and managers in fire studies. Scorch height may be used as a 

post-fire index of fire characteristics such as flame height (Luke and McArthur 1978; Cheney et 

al. 1992; Burrows 1995) and intensity (van Wagner 1973; Engle and Stritzke 1995; Rothermel 

and Deeming 1980; Burrows 1995). Char height may be used as a surrogate for flame height 

(Gill and Moore 1994). 
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3. Fire management 

Fire and fire management are increasingly recognised as an important factor in biodiversity 

conservation and natural resource management. Fire management consists of activities 

concerned with the protection of people, property, and forest areas from wildfire and the use of 

prescribed burning for the attainment of forest management and other land use objectives, all 

conducted in a manner that considers environmental, social, and economic criteria (Grant 2007). 

Through the use of prescribed burning, at frequent and regular intervals, fuels are burned before 

much fuel has built up, ensuring a low-intensity burn that is easily managed. The design and 

implementation of ecologically sustainable, adaptive fire management is a key issue facing 

reserve and landscape managers in fire-prone landscapes throughout the world, in particular in 

tropical savanna systems, which can be fire-affected on an annual–biennial basis (Yibarbuk et 

al. 2001; Edwards and Russell-Smith 2009). Sustainable land management should take into 

account a combination of permanent firebreaks (cliffs, waterways and roads) and non-

permanent firebreaks (prescribed burning) strategically placed (Price et al. 2007).  

Prescribed burning is a key strategy for managing the size, severity and effect of wildfires (Luke 

and McArthur 1977; Cheney 1994; Fernandes and Botelho 2003; McCarthy and Tolhurst 2004; 

Mitchell et al. 2009). It usually involves the routine use of low to moderate intensity controlled 

fires to reduce fuel loads to decrease the risk of extensive, high-intensity fires (Morley et al. 

2004). Prescribed burning is usually conducted during the cooler months and fire is applied to 

many points in the landscape. The two main methods of igniting a fire for hazard reduction 

involve lighting a line of fire from roads and/or aerial ignition by dropping incendiary capsules. 

Another important aspect of prescribed burning is that it can be used to increase fire patchiness. 

Evidence from indigenous land management suggests that traditional burning in some parts of 

the world results in a fine-grained, patchy mosaic, as well as preservation of long unburned 

areas (Bird et al. 2008; Butz 2009). Arising from indigenous burning patterns, fire management 

prescriptions of patchy fires promotes habitat heterogeneity, and this in turn facilitates 

biodiversity conservation (Bradstock et al. 2005). Effective fire management requires 

appropriate research and resources, and also cooperation between aboriginal and non-aboriginal 

knowledge.  

 

 



14 

 

3.1.  Greenhouse gas emissions 

Tropical savanna fires globally constitute a substantial source of greenhouse gas (GHG) 

emissions (Williams et al. 2005), which are rapidly transferred to the troposphere and dispersed. 

In Australia, tropical savannas are the largest single source GHG emissions (Meyer et al. 2008), 

producing 2 to 4% of accountable emissions and about 40% of the Northern Territory´s 

emissions (National Greenhouse Gas Inventory Committe 2007).  

In 2005, as part of the WALFA project, a fire management program aimed at substantially 

reducing GHG emissions from savanna burning commenced over 24 000 km2 of the Western 

Arnhem Land (WAL), in Northern Australia. The goal of the project is to reduce the area and 

severity of LDS fires, through targeted EDS prescribed burning. EDS fires are known to be 

typically more patchy than LDS fires (Price et al. 2003; Russell-Smith et al. 2009), and to burn 

at lower intensity (Williams et al. 2003; Russell- Smith and Edwards 2006). The project has 

been successful in reducing the mean annual total proportion burnt (from 38 to 30%), and 

particularly of LDS fires (from 29 to 12.5%), meaning that prescribed EDS burning can 

substantially reduce LDS fire area (Price et al. 2012). Given lower fuel consumption rates 

achieved under EDS-dominated fire regimes, Russell-Smith et al. (2009) have estimated that 

EDS fires in this study area typically emit 48% of the Kyoto accountable greenhouse gases 

(CH4, N2O) per hectare burnt, compared with LDS fires. Better management of savanna fires, 

leading to reduced fire frequency and fire severity, contributes to a reduction in GHG emissions, 

providing multiple biodiversity and carbon conservation benefits. 

4. Remote sensing of fires in tropical savannas 

Remote sensing is an excellent data source to study fire regimes and its effects on the landscape 

and a central tool for an efficient fire management in the vast areas of tropical savannas. Remote 

sensing is the observation and establishment of a permanent record of an object at a distance. 

Objects on the Earth´s surface absorb, transmit and reflect wavelengths of electromagnetic 

energy, which can be detected by a sensor. Savanna fires typically burn surface fuels, primarily 

grass and tree litter (van Wilgen and Scholes 1997), and its effect on the landscape is 

immediate, leaving a dark charred surface, that generates profound shifts in surface reflectance 

and absorbance. Changes in surface reflectance resulting from reduction of vegetation cover by 

fire can be detected and converted into burned area thematic maps, through classification 

techniques (Foody 2008). The most useful region of electromagnetic energy to study charred 
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surfaces includes wavelengths in the near infrared (from 700 nm to 900 nm) and in the short 

wave infrared (from 900 nm to 1700 nm) (Pereira 2003).  

Since the beginning of the 1980s, remote sensing has been employed to discriminate fire 

perimeters of burned areas and this has allowed a reconstruction of fire history and a 

characterization of fire regimes (Press 1988). Remote sensing techniques can be used to monitor 

the distribution of active fires (e.g. Matson et al. 1987; Malingreau 1990; Langaas 1992), for 

estimating gaseous and particulate emissions from biomass burning (e.g. Kaufman et al. 1990; 

Brustet et al. 1991), for mapping fuel loads (e.g. Paltridge and Barber 1988), and for mapping 

the regional extent and seasonality of wildfires (e.g. Minnich 1983; Allan 1993). Since satellite 

sensors are able to cover wide areas, provide high temporal frequency, and also reveal 

information about non-visible spectral regions, they represent a very valuable means of 

preventing, detecting and mapping fires. According to Chuvieco et al. (1999), remotely sensed 

data can contribute to a better cost effective, objective, and time-saving method of specifying 

the location of fire, intensity of fire events, and the extent of the burned area. Despite the 

advantages of remote sensing, several problems are inherent in burned area mapping using 

satellite data. These include short persistence of burn signals (Bowman et al. (2003) reported 

that in tropical savannas in the Northern Territory, signatures of burnt areas faded within 100 

days), heterogeneity of landform and vegetation, structural complexity of the vegetation, smoke 

haze and cloud cover (Pereira 2003).  

Burned area mapping at a regional scale has been undertaken using the relatively coarse-

resolution Advanced Very High Resolution Radiometer (AVHRR) sensor carried on the 

National Oceanic and Atmospheric Administration (NOAA) series of satellites (e.g. Hick et al. 

1986; Allan 1993). However the spatial scale is inappropriate to provide information for 

landscape management planning. In parallel to the AVHRR derived information, fire mapping 

products were derived from much higher resolution Landsat Multispectral Scanner (MSS), 

Thematic Mapper (TM), and Enhanced Thematic Mapper Plus (ETM+) data, where more 

detailed, accurate mapping of fire scars was required (e.g. Russell-Smith et al. 1997; Edwards et 

al. 2001; Edwards and Russell-Smith 2009). However the high costs of Landsat data, until a few 

years ago, and the 16 day return interval were problematic in the extensive tropical savanna 

landscapes, where there is a rapid vegetation regrowth (Elliott et al. 2009) and high cloud cover 

in the latter period of the fire season (Edwards et al. 2001). The launch of the Terra satellite in 

1999 carrying the MODIS sensor provided imagery of superior spectral and spatial resolution to 

AVHRR, and has advantages due to its acquisition frequency and swath. 
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CHAPTER 2: 

STUDY AREAS, DATA AND METHODS 

1. Study areas 

This study focused mainly in the Australian tropical savanna region, at a continental scale, and in 

Western Arnhem Land (WAL), at a regional scale. The Brazilian Cerrado region was also a focus of 

this research, to study one of the components of the fire regime: the fire frequency, and to allow for 

comparisons with Australian tropical savannas. 

In paper I the study area was WAL, Northern Territory (NT), Australia. It is a remote area of 24 000 

km
2
 under Aboriginal communal title, adjacent to the World Heritage-listed Kakadu National Park, 

and located between latitudes 125
o
S and 145

o
S and longitudes 132

o
E and 133

o
E (Figure 6a). 

In paper II, the study area was the Jalapão State Park (JSP), an area of 158 886 ha located in the state 

of Tocantins, in the Brazilian Cerrado, between latitudes 10.0853°S and 10.3632°S and longitudes 

46.2424°W and 46.5606°W (Figure 6b). JSP is located in the largest officially recognized continuous 

preserved area of the Cerrado. 

In papers III and IV, the study areas were located in the Northern Territory, Australia, either in 

national parks or near town settlements. Field data were collected in: Humpty Doo, South Arnhem 

Land, Acacia Gap, WAL, Batchelor, Howard Springs, Litchfield National Park, Berry Springs, 

Kakadu National Park, and Robinson River (Figure 6a). 

In paper V the study area was the Australian tropical savanna region, that is found at a latitude range 

of 10° to 20° South, encompassing northern portions of the jurisdictions of Western Australia (WA), 

Queensland (QLD), and the NT. 
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Figure 6. Location of the study areas: a) JSP (black) in the Brazilian Cerrado (light grey), and b) WAL (dark 

grey) and study areas of the northern Territory in the Australian savanna region (light grey). Humpty Doo (HD), 

South Arnhem Land (SAL), Acacia Gap (AG), West Arnhem Land (WAL), Batchelor (BT), Howard Springs 

(HS), Litchfield National Park (LF), Berry Springs (BS), Kakadu National Park (KD), and Robinson River (RR). 

2. Data 

Satellite based burned area maps produced for WAL were used in paper I. The burned area maps were 

derived from Landsat MSS, for the period 1990–1995, and from Landsat ETM+ or TM for the period 

1996–2011. These map products were complemented with AVHRR data and from 2001 onwards, with 

MODIS imagery, due to significant cloudiness, associated especially with the onset of the wet season. 

This dataset was provided by the Bushfires NT, Darwin, Australia. Landsat TM and ETM+ imagery 

were also used to produce the burned area maps for the JSP, for the period 1997-2008, in paper II. The 

imagery was downloaded from the USGS´s Global Visualization Viewer (GLOVIS; glovis.usgs.gov) 

and from the National Institute for Space Research (INPE) Remote Sensing Datacenter (CDSR; 

dgi.inpe.br/CDSR). The global MODIS Collection 5 Active Fire product MCD14ML was used in 

paper V. The data was downloaded from the ftp server at the University of Maryland 

(ftp://fuoco.geog.umd.edu/).  

In addition to remote sensed data, ground data were collected in the NT, Australia, through the use of 

field transects. The field campaigns took place in 2009, 2010, and 2011, in the EDS and LDS. The 

main requirement of the ground data was to describe quantitatively and qualitatively the patchiness 

and severity of fire events. These data were used in papers III and IV. 

 

a) b) 

http://www.dgi.inpe.br/CDSR
ftp://fuoco.geog.umd.edu/
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3. Methods 

To study fire frequency in WAL (paper I), the annual burnt area maps (1990-2008) were overlain in a 

GIS and 1-km spacing point sampling grid was established across the study area to extract information 

about the number of times each point was affected by fire, and intervals between successive fires. The 

information about the fire intervals was used to test the performance of three probability models: 

continuous and discrete Weibull, and discrete lognormal. These models were used to estimate fire 

mortality and fire survival distributions, and hazard functions by vegetation type. 

Fire frequency in JSP (paper II) was based on a fire history that was developed for the area, derived 

from satellite imagery. Burned areas were classified using object based image analysis (OBIA). OBIA 

focuses on analysing images at the object level instead of working at the pixel level. This approach is 

particularly well adapted for high resolution images and leads to more robust and less noisy results 

than pixel based image classification (Whiteside 2011). The annual burned area maps produced from 

1997 to 2008 were overlain in a GIS and a 500-m spacing point sampling grid was established across 

JSP to sample time intervals between successive fires. Fire data were modelled with the discrete 

lognormal distribution and the estimated parameters were used to calculate fire mortality and survival 

distributions, and hazard functions for the major landscape types. The discrete lognormal model was 

chosen because it was considered more appropriate for fire frequency analysis in fire-prone tropical 

savannas, following paper I.  

To analyse fire patchiness (papers III and IV), line transects were undertaken along 35 recently burned 

areas, in NT, Australia, covering different vegetation types. The starting point and direction of each 

transect were selected randomly, within the boundary of the fire, and a footfall method was used to 

record ground categories in burned and unburned patches, at every step (≈1m). The ground categories 

were char, ash, vegetation, and bare soil or rock (Figure 7). If the area was unburned, the presence of 

vegetation, and bare soil or rock was recorded. Every 50 steps (≈50m) the average char height and 

scorch height were recorded by visual estimation. The field database CyberTracker, installed on a 

handheld computer, was used to record the observations and provide an associated GPS location for 

each sample point.  

Fire intensity analysis (paper V) was based on active fire detections for the Australian tropical savanna 

region, which were extracted from the global MODIS Collection 5 Active Fire product MCD14ML. 

Fire detections, and FRP data, were separated by jurisdiction (WA, NT and QLD), year, month, and 

vegetation type (based on a reclassification into broader classes of the vegetation map associated with 

the Interim Biogeographic Regionalisation for Australia). Quantile piecewise regression and analysis 

of variance (ANOVA) was used to investigate relationships between seasonality, vegetation type, and 
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fire intensity, after calculating the mean/median FRP and testing for normality and homogeneity of the 

variance of the assembled data. 

 

Figure 7. Ground categories collected in burned and unburned areas: a) char, b) ash, c) vegetation, and d) bare 

soil or rock. 
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Abstract Covering almost a quarter of Brazil, the Cerrado is the world's most biologically rich 

tropical savanna. Fire is an integral part of the Cerrado but current land use and agricultural 

practices have been changing fire regimes, with devastating consequences. In this study, fire 

frequency and fire return intervals were modelled over a 12-year time series (1997-2008) for the 

Jalapão State Park, a protected area in the north of the Cerrado, based on burned area maps derived 

from Landsat imagery. Burned areas were classified using object based image analysis. Fire data 

were modelled with the discrete lognormal model and the estimated parameters were used to 

calculate fire interval, fire survival and hazard of burning distributions, for seven major land cover 

types. Over the study period, an area equivalent to four times the size of Jalapão State Park burned 

and the mean annual area burned was 34%. Median fire intervals were generally low, ranging from 

three to six years. Shrub savannas had the lowest fire intervals, and dense woodlands the highest. 

Because fires in the Cerrado are strongly driven by fuel age in the first three to four years 

following a fire, early dry season patch mosaic burning may be used to reduce the extent of area 

burned and the severity of fire effects. 

Keywords: discrete lognormal model; fire frequency; fire intervals; Jalapão State Park; Landsat 

data. 

 

Introduction 

The Cerrado, the Brazilian tropical savanna, is a 

complex vegetation formation characterized by a 

mosaic of physiognomies ranging from pure 

grasslands through woodland to closed forest [1–3] 

(Figure 1). It is a biodiversity hotspot that covers ≈ 2 

million km
2
 of central Brazil (about a quarter of the 

territory) and the second largest biome in South 

America, after the Amazon [4,5]. The Cerrado is a 

fire-prone biome [1,2,6,7] and anthropogenic wildfires 

have been playing an important role since at least the 

mid Holocene, from 6000 years BP [8,9]. Indigenous 

people used fire to manage their resources and the 

decision to burn was based on several ecological 

indicators, denoting a clear social control [10]. Yet, as 

in many places in the world, current land use and 

agricultural practices have considerably changed fire 

regimes in the Cerrado, and at least 49% of the 

vegetation has been converted to extensive 

monocultures and pastures [11]. Furthermore, 80% of 

the biome has been disturbed and most of the natural 

remnants are now located in the northern limit of its 

distribution [4,5]. This loss is twice the area lost in the 

Amazon forest and only 7.4% of the biome is inside 

protected areas [11]. 

Farmers use areas of the Cerrado for intensive crops, 

mostly soybean, but also corn, rice, cotton and 

sugarcane, and grass formations as natural pasture 

[2,5]. In the dry season, this grassy herbaceous 

biomass becomes especially dry and very flammable 

and it is burned to promote fresh grass growth in 

natural pastures. Crop residues are also burned to clear 

harvest in preparation for planting at the beginning of 

the wet season [1,2,7,12,13]. Current fire regime is 

characterised by extensive and frequent anthropogenic 

fires, that occur most often during the middle and 

mailto:alfredo@dsr.inpe.br
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latter months of the 6-month dry season (April to 

September), under severe fire-climate conditions 

[1,2,6,7,12–14]. Fire return intervals are usually very 

short, from one to four years [1,2,7,12,13]. Current 

 

Figure 1. Physiognomies of the Cerrado. (adapted from Ribeiro and Walter, 2008). 

fire regime favours herbaceous species and encourage 

the maintenance of the open Cerrado physiognomies, 

leading to soil degradation, overall biodiversity loss 

and an increase in greenhouse gas emissions 

[1,2,7,12,13]. 

 In protected areas within the Cerrado there is a 

total fire suppression policy and no fire management 

programs [15–17]. The decision to eliminate fire has 

brought many problems to the protected areas, such as 

disturbance to the ecological patterns, changes in 

species abundances, and biological invasions, which 

put at risk the preservation of the biodiversity in the 

medium and long-term [15,16,18,19]. Periodical fires 

in the Cerrado are important for the creation and 

maintenance of landscape structure, composition, 

function and ecological integrity [15–17]. Another 

consequence of biomass build up is the increasing risk 

of severe and large wildfires that threaten biodiversity 

[16,17]. Fire is an important management tool in 

tropical savannas of Australia [20,21] and Africa 

[22,23], but is not currently applied in the Cerrado. 

Analysis of fire regimes in the presence of active 

prescribed burning programs [24,25] generally 

indicates a reduction in intensity, size, and wildfire 

hazard with important ecological and greenhouse gas 

emission implications. 

 Progress has been made in recent years to 

understand fire regimes and their effects in the 

Cerrado [1,12–14,18,19,26,27]. Satellite remote 

sensing data makes it possible to survey recent burned 

area history over large ecosystems, providing useful 

data to analyse features of the savanna’s fire regime, 

such as fire intervals. A fire interval is defined as the 

distribution of the time until a given location burns 

again [28]. Mapping burned area from satellite 

imagery has been undertaken since the 1980s in the 

Brazilian Amazon [29–33] and in the Cerrado [34–

37]. 

 Remote sensing combined with statistical 

modelling is a powerful tool to model the behaviour of 

fire over time and to quantify the uncertainty 

associated with fire regime descriptors. This has been 

shown in northern Australia [38,39] and South Africa 

[40]. In the Cerrado there are few studies about fire 

frequency [14,41], and none about statistical 

modelling of fire return intervals. The choice of a 

particular model based on the fitting of the 

distributions is of great utility when using fire interval 

data, because it provides an understanding of the 

properties of fire regimes. The most widely used 

statistical model in fire interval studies is the Weibull 

model [42,43]. However, Oliveira et al. (2013) [39] 

recently showed that the discrete lognormal model 

was more appropriate for fire interval analysis in 

tropical Australian savannas. The discrete lognormal 

was used in this study to model fire intervals in the 

Brazilian Cerrado because it has similar fire 

frequencies and vegetation types to Australian 

savannas. 

 In this study, we modelled the fire intervals over a 

12-year time series (1997-2008) for the Jalapão Park, 

a protected area in the north of the Cerrado, based on 

burned area maps derived from Landsat imagery. 

Using the discrete lognormal model, we estimated fire 

interval, survival and hazard of burning distributions 

for different physiognomies of the Cerrado. Fire 

frequency was also estimated. These data are essential 

for fire management and biodiversity conservation and 

for greenhouse gas emissions estimation in protected 

areas.  

Methods 

Study area 

Jalapão State Park (JSP) was created in January 2001, 

with an area of 158,886 ha. It is located in Mateiros 

municipality, in the eastern part of Tocantins state, 

Brazil, between latitudes 10°08’53”S and 10°36’32”S 

and longitudes 46°24’24”S and 46°56’06”W (Figure 

2). The park is located in the Jalapão region, which 

contains the largest officialy recognized continuous 

preserved area of Cerrado in Brazil [44]. The isolation 

of JSP, combined with its sandy and nutrient-poor 

soils, has made it unattractive to large-scale 

agriculture, contributing to the preservation of the 

natural vegetation [45,46].  

 The climate in JSP is markedly seasonal (Aw - 

tropical wet and dry; Köppen classification) with high 

rainfall in the wet season (around 1500 mm), from 

October to March, and an extended dry season from 
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April through September/October (only 10% of the 

annual precipitation). Mild year round temperatures, 

range from 22º to 27ºC [5]. Population density is 

approximately 0.6 inhabitants/km
2
, and the local 

economy is based on shifting cultivation, extensive 

cattle raising and, more recently, tourism and golden-

grass (Syngonanthus nitens, Eriocaulaceae)) 

handcrafting [46,47]. Fires are used in cattle ranching 

as a management tool to stimulate grass regrowth in 

the dry season when forage is in short supply, and to 

stimulate golden-grass flowering, for use in local 

handicrafts. Ranchers and handcrafters use biennial 

fires, but the absence of firebreaks leads to fire 

spreading to large areas [47]. 

 

Figure 2. Location of Jalapão State Park. Top square: 

Cerrado biome border and Jalapão region (grey) in Brazil. 

Central map: location of Jalapão State Park in the Jalapão 

region. 

 A land cover map of JSP was created by Santiago 

and Pereira (2010) [48] using Landsat 5TM data 

acquired in 2007. This map was modified using field 

data collected in December 2005 and May 2008, that 

identified errors existing in the map, including 

changes of land cover caused by fires (Figure 3). 

There are three main landscapes in JSP. First, the 

dryland on arenosol, where dominant physiognomies 

are Campo Sujo (Shrub Savanna - SS) and Cerrado 

Sensu Stricto (Woodlands). The latter is divided into 

Cerrado Ralo (Open Woodlands - OW) and Cerrado 

Denso (Dense Woodlands - DW) [3,46]. Second, the 

wetland on arenosol along the watercourses, where 

physiognomies are Vereda (VR), Gallery forests (GF) 

and Cilliary Forests (CF). Third, the plateau where 

Open Woodlands (OW) occur on flat surfaces of 

ferralsol and Dense Woodlands (DW) occur on hills of 

leptosols [3,46]. 

 The Shrub Savannas (SS) are an herbaceous-

shrubbery physiognomy with sparse shrubs over 

grassland. Woodlands, divided into Open Woodlands 

(OW) and Dense Woodlands (DW), are a woody 

physiognomy with sparse trees and shrubs over 

grassland, where the woody layer is denser than in SS. 

OW tree canopy cover ranges from 5% to 20% and 

has an herbaceous-shrubbery layer denser than in DW. 

DW canopy cover ranges from 50% to 70% and has a 

higher and more compact woody layer than OW 

(Ribeiro and Walter 2008). Gallery Forests (GF) are a 

riparian physiognomy along small rivers where the 

trees form a gallery over the watercourse with crowns 

overlapping and canopy cover from 70 to 95%. Belts 

of non-forest physiognomies surround both borders in 

an abrupt transition. Cilliary Forests (CF) are also a 

riparian physiognomy, but are present along medium 

and big rivers and tree crowns do not form a gallery 

over the watercourse. Trees are predominantly 

deciduous and canopy cover ranges from 50 to 90% 

throughout the year. Vereda (VR) is a swampy area 

dominated by buriti palm (Mauritia flexuosa, 

Arecaceae) along small rivers (it can be associated 

with GF) and surrounded by belts of humid grassland 

[3], featuring golden-grass. Shifting cultivation (SC) is 

the agricultural system that occurs in JSP. Ruthenberg 

(1971) [49] defined it as an “agricultural system that 

involves an alternation between cropping for a few 

years on selected and cleared plots and a lengthy 

period when the soil is rested”.  

Burned area mapping 

Burned area maps for JSP were produced based on the 

Thematic Mapper (TM) sensor on board the Landsat-5 

satellite and the Enhanced Thematic Mapper plus 

(ETM+) on board Landsat-7, for the period 1997 to 

2008. We used 47 Landsat images (path/row 221/67), 

that were downloaded from the U.S. Geographical 

Survey Global Visualization Viewer (glovis.usgs.gov) 

and from National Institute for Space Research (INPE) 

Remote Sensing Datacenter (dgi.inpe.br/CDSR). At 

least three images were acquired for each dry season: 

1) at the end of the early dry season (EDS, April to 

May); 2) at end of the middle dry season (MDS, June 

to July); and 3) at the end of the late dry season (LDS, 

August to September). This bi-monthly sampling 

regime reduced omission errors in the classification 

because burned scars in tropical savannas ecosystems 

can disappear within a few weeks [14].  

 The Landsat based burned area classification was 

performed using Object Based Image Analysis 

(OBIA) with the software eCognition Developer 8.0 

(ecognition.com). OBIA has previously been used to 

map burned areas using Landsat images with 

promising results [50,51]. It is an image analysis 

technique with a basis in objects instead of pixels, 

assessing their characteristics through spatial, spectral 

and temporal scale. OBIA performs analysis in two 

http://www.dgi.inpe.br/CDSR
http://www.ecognition.com/


44 

 

steps: segmentation and classification. The 

segmentation splits an image into unclassified objects 

that are groups of pixels similar to one another based 

on a measure of spectral properties (i.e., color), size, 

shape, and texture, and pixel topology controlled 

through parameters set by the user [52]. After 

segmentation, the image is classified by assigning 

each object to a class based on features and criteria set 

by the user. Segmentation and classification burned 

area outputs were considered final when they agreed 

with the original burned areas from the Landsat image. 

Both steps were performed on an annual basis using 

all available images from a specific year. This avoided 

overlapping the same burned areas detected in two or 

more images from the same year. A minor amount of 

manual on-screen editing complemented the 

classification.  

 

Figure 3. Land cover map for Jalapão State Park. (adapted from the map of Santiago and Pereira (2010) and modified based 

on fieldwork).  

Fire frequency analysis 

The annual burned area maps from 1997 to 2008, 

resultant from OBIA classification, were overlain with 

the land cover map for JSP, using the software 

TerraView 3.3.1 (dpi.inpe.br). Fire frequency was 

represented by the fire rotation period (FRP), which is 

the time needed to burn an area of the same extent as 

the study area [53]:  

 

             FRP = 

 A

NS
,   

    

where N is the number of years in the study period; S 

is the area susceptible to burn in the study area; A is 

the annual area burned; and  A  is the sum of A 

within the period N. The inverse of the FRP, the 

annual percentage of area burned (APAB), is the 

average percentage of the study area burned each year. 

Fire frequency was calculated for all of JSP and by 

land cover type. 

 

Fire interval analysis 

A 500 m regular point grid was used to sample 

intervals between successive fires, by land cover class, 

using the time-series of burned area maps (1997-

2008). Complete fire intervals (when both the starting 

and ending date of the fire-free period were known) 

and single-censored fire intervals (when either the 

starting or the ending date of the fire-free period is 

unknown) were used. Ignoring single-censored data 

tends to lead to incorrect fire frequency estimates 

[39,43,54,55]. 

 Fire interval data were used as input for the 

discrete lognormal model, to estimate fire interval, 

survival and hazard of burning distributions [e.g., 

28,42,56] using the software “R Project for Statistical 

Computing” (www.r-project.org). The discrete 

lognormal model is a discrete version of a lognormal 
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distribution which is the distribution of a continuous 

random variable whose logarithm is normally 

distributed [57]. The fire interval distribution 

corresponding to the lognormal model, that is the 

probability that the time between consecutive fires is 

equal to t, is given by:  

 
 

where σ and µ are parameters of the model, and  

is the distribution function of the standard normal 

distribution. The survival distribution is the 

probability of having survived longer than time t; 

 

 

 
 

The hazard of burning distribution is a conditional 

probability of burning in interval t, given survival up 

to that point: 

 

 
 

 In general this hazard distribution initially 

increases, then decreases eventually approaching zero. 

Hence, items following a discrete lognormal model 

have higher chance of failing as they age for some 

period of time, but after survival to a specific age 

(turning point), the probability of failure decreases as 

time increases. This turning point depends 

simultaneously on the ratio µ/σ and on the value of 

σthrough a nonlinear fashion [see 39]. If the turning 

point is 1 the hazard function is always decreasing. 

The discrete lognormal parameters (σ and µ) were 

estimated with a maximum likelihood approach. The 

median fire interval is the smallest integer that is 

bigger than or equal to exp µ) and the mode of the 

distribution is the smallest integer that is bigger than 

exp (µ - σ
2
).  

 A goodness-of-fit test for censored data developed 

by Hollander and Proschan (1979) [58] was used to 

test the fit of the discrete lognormal distribution to the 

data. The test statistic, conveniently standardized, 

follows under the null hypothesis a standard normal 

distribution. Hence rejection is for values of the 

standardized test statistic above or below the adequate 

quartile of the standard normal distribution.  

Results 

Burned area mapping  

The total area burned in JSP over the period 1997-

2008 was 585,122 ha, which is equivalent to almost 

four times the size of the study area. The vast majority 

of the area affected by fire (77.6%) burned between 

three to six times (Figure 4). Only 6.4% of the area 

burned more than seven times and 16.0% burned 

between one to two times. The unburned areas 

corresponded to sand dunes and water bodies, and 

some areas of GF, CF and DW.  

 

Fire frequency 

The overall estimated FRP for JSP was 3.0 years and 

the APAB was 34%. However, values varied with 

land cover type (Table 1). The highest APAB occurred 

in SS and OW (37% and 36%, respectively). SS and 

OW occupy 77.6% of the study area (59.1% and 

18.5%, respectively) and accounted for 84.2% of the 

total area burned during the study period (64.3% and 

19.9% respectively). The lowest APAB, 18%, was 

observed in DW, that occupies 6.9% of the study area 

and accounted for 3.7% of the total area burned). 

Intermediate values were found in wetlands (VR, GF 

and CF) and in SC (Table 1). 

Fire interval analysis  

Estimated parameters for the lognormal model are 

shown in Table 1. The goodness-of-fit test never 

rejects the lognormal model. For all land covers the 

turning point (TP) is larger than 1 meaning that the 

hazard function follows the general pattern. Median 

fire intervals, can be aggregated in three groups of 

land cover: SS, OW, VR and SC with the lowest 

values (3 years); GF and CF with intermediate values 

(4 and 5 years); and WD with the highest median fire 

interval (6 years).  

 For convenience in reading, a polygon frequency 

representation was used to represent fire interval 

distribution in Figure 5, rather than a bar plot, since it 

represents a probability mass function. Also, for the 

same reason, the survival function in Figure 6 and the 

hazard function in Figure 7 are represented as a 

continuous line rather than a step function 

representation. The mode corresponds to the peak in 

the fire intervals distributions, which peaked at year 2, 

except for DW, which peaked at year 3 (Figure 5). 

The probability of having a 2-year interval between 

consecutive fires was highest in SS (0.32), followed 

by OW (0.28), VR (0.27), SC (0.26), GF (0.20) and 

CF (0.16). For DW the probability of having a 3-year 

interval between consecutive fires was 0.11 (lowest 

peak value). Fire interval distributions can be 

aggregated in three groups according to the shape of 

the curves: SS, OW, VR, and SC, with probability 

higher than 0.26 at age 2, falling abruptly to low 

values at older ages (e.g. 0.08 ≤  f(5) ≤ 0.09 and 0.02≤ 

f(8) ≤ 0.03); GF and CF with probability of fire 

between 0.16 and 0.20 at age 2, and a less sharp 

decline of the curve (e.g. 0.09≤ f(5) ≤ 0.10 and 0.04≤ 

f(8) ≤ 0.05); DW, with a smooth decline (f(3) = 0.11, 

peak value; f(5) = 0.09; and f(8)  = 0.05).  
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Figure 4. Number of times burned in Jalapão State Park, between 1997 and 2008. 

Table 1. Fire frequency and fire interval descriptors by land cover type for Jalapão State Park. Fire rotation period (FRP), 

annual percentage of area burned (APAB), estimated parameters μ and σ for the discrete lognormal model, median, mode and 

turning point (TP), that is, the value where the hazard function attains its maximum. Hollander and Prochan test statistics 

(HP) provides a measure of the goodness of fit of the statistical model. P-values for the Hollander and Prochan goodness of 

fit test are also shown. 

Land cover  FRP APAB μ σ Median Mode TP HP p-values 

Shrub Savanna (SS) 2.72 0.37 0.82 0.66 3 2 4 -1.24 0.21 

Open Woodland (OW) 2.75 0.36 0.93 0.69 3 2 4 -1.07 0.29 

Dense Woodland (DW) 5.49 0.18 1.78 0.99 6 3 4 -0.90 0.37 

Vereda (VR) 3.02 0.33 0.90 0.80 3 2 3 -1.03 0.31 

Gallery Forest (GF) 4.44 0.23 1.19 0.91 4 2 3 -0.85 0.40 

Cilliary Forest (CF) 4.57 0.22 1.39 0.92 5 2 4 -0.95 0.35 

Shift Cultivation (SC) 3.71 0.27 0.86 0.89 3 2 3 -0.92 0.36 

 

 

 Survival distributions (Figure 6) have high values 

during the first year for all land cover types (A(1) ≥ 

0.83), decreasing more or less abruptly, depending on 

land cover type: SS, OW, VR and SC, with curves 

falling abruptly (e.g. 0.11 ≤ A(5) ≤ 0.20 and 0.01 ≤ 

A(10) ≤ 0.05); GF and CF, with curves showing a less 

sharp decay (e.g. 0.32 ≤ A(5) ≤ 0.41 and 0.11 ≤ A(10) 

≤ 0.16); DW, with the smoothest decay of all curves 

(e.g. A(5) = 0.57 and A(10) = 0.30). The survival 

distributions indicate, for instance, that less than 10% 

of the landscape survives unburned up to year 7 in SS, 

OW, VR and SC, up to year 10 in GF, up to year 13 in 

CF, and up to year 20 in DW. 

 Hazard of burning functions initially increased, 

reaching a peak between years 3 to 4 since the last fire 

(turning point), and then gradually decreased (Figure 

7). The same three groups of land cover type can be 

identified, although there are differences in the 

turnings points within the same group: SS, OW, VR 

and SC with the highest probabilities of burning, 
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given survival up to that point (hazard peak values of 

0.42 and 0.37 in year 4, and 0.33 and 0.31 in year 3, 

respectively); GF and CF, with intermediate 

probabilities of burning (0.24 peaking at year 3 and 

0.20 peaking at year 4, respectively); DW, with the 

lowest probability of burning (hazard peak value of 

0.13 at year 4). 

 

 

Figure 5. Fire interval distributions (f) as a function of time since last fire (t) by land cover type for Jalapão State Park. 

 

Figure 6. Survival distributions (A) as a function of time since last fire (t) by land cover type for Jalapão State Park. 
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Figure 7. Hazard of burning distributions (λ) as a function of time since last fire (t) by land cover type for Jalapão State Park. 

There was a negative correlation between the hazard 

of burning and the FRP. Sorting hazard of burning 

functions by ascending order we obtained, for every t, 

the following: DW(t)<CF(t)<GF(t)<SC(t)<VR(t) 

<OW(t)<SS(t) which is exactly the same order when 

sorting FRP values by descending order. Land cover 

types with the highest FRP are the ones with the 

lowest conditional probabilities of burning as a 

function of time since last fire 

Discussion 

Burned area mapping and fire frequency 

The highest fire incidence in JSP was observed in SS 

and OW, physiognomies supporting large fuel loads 

forming a continuous fuel bed, where the grass and 

litter cure rapidly at the beginning of the dry season 

due to the low canopy cover. In addition, fire is used 

biennially to stimulate grass regrowth for pastures by 

cattle ranchers. The lowest incidence of fire occurred 

in DW, where grassy fuels are highly discontinuous 

and fuel moisture tends to be higher due to a greater 

percentage of canopy cover. Anthropogenic fire is 

scarce in large areas of rocky substrate with rugged 

relief, which occur in 83% of DW in JSP. 

Intermediate values of fire incidence for VR and SC 

are likely due to human burning practices to extract 

products directly from managed areas (use of fire to 

stimulate golden-grass flowering in VR, or to burn for 

clearing purposes in SC). CF and GF have low 

incidence of fire because they are closed forest 

formations in humid habitats along rivers, and the fuel 

remains very moist throughout the year. GF has a 

higher incidence of fire than CF because it is usually 

found in areas adjacent to VR, where the absence of 

fire breaks leads to fire spreading.   

Fire frequency analysis for JSP (FRP=3 and 

APAB=34%) showed similar values to those observed 

in western Arnhem Land (WAL), a savanna region in 

northern Australia, where FRP varied between 2.7 and 

2.8 years and APAB between 36% to 37% [24,39]. 

Edwards et al. (2001) [59] found higher APAB in 

Litchfield National Park (56%) and Nitmiluk National 

Park (41%), in northern Australia. On the other hand, 

Edwards et al. (2003) [60] found lower APAB in 

Kakadu National Park, a neighbouring area to WAL, 

with values ranging from 21% to 27% in sandstone 

habitats. In general, there were also similarities 

between fire frequency in the different physiognomies 

of JSP and those from northern Australia, reported by 

[39]. In both studies the fire incidence was higher in 

woodland physiognomies (SS and OW for JSP and 

woodlands and open forests in WAL). SS and OW had 

lower APAB values (37% and 36%, respectively) 

compared to woodlands and open forests (45% and 

42%, respectively), but GF and CF (23% and 22%, 

respectively) had very similar values to closed forest 

(20%), in Australia. This highlights the strong 

similarities between these two tropical savannas and 

justifies analyse by land cover type. 

Fire interval analysis 

Fire interval distributions reveal that a large fraction 

of the landscape burns every 2-3 years after the last 

fire, and fire survival distributions reveal that after a 

fire the extent of vegetation surviving this period and 

remaining available for burning at later stage 

decreases abruptly. Hazard of burning functions reach 

a peak three to five years after a fire and then 

decrease, meaning that the probability of fire 

occurring in an older fuel age class is lower than that 

of it occurring in a younger class. Although the 

decrease of the hazard of burning function does not 

imply a reduction in fuel loading, there is evidence 

that in tropical savannas fuel loads attain maximum 

values three to four years after a fire and then decrease 

[61,62]. Hazard and burning is also correlated with 

FRP since land cover types with the highest 

probabilities of burning are also the ones that burn 

more frequently, and need less time to burn an area 

equivalent to the study area. 

Fire interval analysis indicated also clear patterns 

between physiognomies with low and high canopy 

cover, and riparian physiognomies. A short fire return 

interval (3 years) was associated with physiognomies 

with lower density of trees (SS, OW and VR), where 

continuous fuels and geomorphologic features easily 

allow fire spread, and SC, where fire is used for crop 

residue burning and land clearing. Median fire return 

intervals (4-5 years) were observed in riparian 

physiognomies (CF and GF) whereas high fire return 

intervals were observed in DW, a high tree density 

physiognomy. These values also showed similarities 

with the median fire intervals in WAL, Australia; SS, 

OW, VR and SC had the same intervals as sandstone 

woodlands in WAL, and GF and CF approximately 

the same intervals as closed forests in WAL. 

It is important that fire interval analysis does not rely 

exclusively on fire frequency data since it would be 

unable to determine age-specific burning rates and 

would mix the rarity of older landscape patches with 

their fire proneness. This concept can be better 

understood using SS and DW, the land cover types 

with the highest and lowest incidence of fire, as 

examples. Fire survival distributions indicate that the 

probability of a fire occurring in a 10-year old patch of 

SS (A(10), Figure 6) is 1%, but its conditional 

probability of burning until the end of the ninth year 

((10), Figure 7) is about 33%, i.e. about 30 times 

higher. Thus, older vegetation patches of SS, despite 

being relatively rare, have a non-negligible probability 

of burning. Conversely, in DW, fire survival indicates 

that the probability of a fire occurring in a 10-year old 

landscape (A(10), Figure 6) is 30%, but its conditional 

probability of burning until the end of the ninth year 

((10), Figure 7) is about 11%, (i.e. 3 times lower). 
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Therefore, older vegetation patches of DW, despite 

being more abundant, have a very low probability of 

burning, in contrast to SS.  

 

Fire ecology and management 

According to our results, fires with a median 

frequency of 3-6 years have been occurring since 1997 

in the JSP, a protected area of Cerrado. Those fires 

require large efforts and resources to be controlled, 

and demonstrate the ineffectiveness and inadequacy of 

the total fire suppression policy imposed by the 

Brazilian government agencies. Although the Cerrado 

is a fire-prone ecosystem and plants and animals show 

adaptations to frequent fires [17], frequently burned 

Cerrado areas tend to become more open and grassy. 

The high fire frequencies currently observed in this 

study increase tree mortality, and favour the grass 

layer by the ash deposition that brings nutrients and 

fertilises the soil [2,26,27]. There is also strong 

evidence that fire-sensitive vegetation (e.g. 

Blepharocalix salicifolius, Sclerolobium paniculatum) 

are in decline under the present-day Cerrado fire 

regime, in agreement to what is happening in other 

tropical savanna regions [63]. One exception is the 

golden-grass, in VR. Based on empirical knowledge 

of indigenous people, Schmidt et al. (2007) [47] 

verified that bi- or tri-annual fires promote the 

optimum population growth of golden-grass yet longer 

intervals do not diminish its population. With this in 

mind, Schmidt et al. (2011) [64] suggested joining 

both traditional and conservational management to 

extend current fire intervals. The same strategy is also 

being considered in Australian tropical savannas 

where indigenous aboriginal knowledge is 

incorporated into an environmentally sustainable fire 

management [63]. 

 Two fire management scenarios can be considered 

in JSP: First, in open formation landscapes with short 

fire return intervals such as SS, OW and VR (which 

occupy 83% of the burnable area in JSP), the 

implementation of prescribed burns in the early dry 

season every 3 years, creating a patch mosaic of 

different fuel ages, should be effective to reduce the 

extent of area burned by damaging fires because they 

create fuel discontinuity [65]. Firebreaks are also 

highly recommended near areas of VR to avoid fire 

spreading to larger areas, and also near roads and 

communities [47,64]. Second, in landscapes with 

intermediate and high fire return intervals such as GF, 

CF and DW, fire prevention and fire fighting are 

important and monitoring of these areas should be 

increased, especially next to roads and communities.  

Conclusions 

Fire frequency in JSP is very high, with median fire 

return intervals of 3-6 years, depending on the land 

cover class. This high flammability is a function of the 

markedly seasonal climate of the Cerrado, fuel 

biomass accumulation, and traditional use of fire to 

stimulate the growth of palatable grasses for cattle, or 

to stimulate golden-grass flowering, used in local 

handicrafts. The probability of burning as a function 

of time since last fire reaches an early peak between 3 

to 4 years and subsequently declines due to fuel 

dynamics, reflecting a strong fuel age-dependency 

only in young vegetation patches. Open savanna 

physiognomies, that occupy most of the area of JSP, 

and shift cultivation showed the highest fire frequency 

(median fire intervals of 3 years) and dense woodland 

formations the shortest (median fire intervals of 6 

years). Riparian physiognomies showed intermediate 

median fire intervals of 4-5 years. 

 To reduce the extent of area burned and fire 

severity in the Cerrado, early dry season patch mosaic 

burning may be used every 3 years, except in DW, 

since fires are strongly driven by fuel age in the first 3 

to 4 years without a fire. To avoid fire spreading to 

larger areas, firebreaks may be strategically placed 

along areas of VR and local communities. Sustainable 

management in protected areas of Cerrado should be a 

continuous process that incorporates scientific 

knowledge and empirical knowledge of indigenous 

people and local communities. Knowledge of fire 

frequency based on statistical distributions is the only 

way of quantifying the uncertainty associated with fire 

regimes, and making inferences for unobserved, 

longer fire intervals. The discrete lognormal model is 

appropriated for fire frequency analysis in tropical 

savannas, because it fits well to situations where fire 

intervals are short, producing essential data for fire 

management, biodiversity conservation and 

greenhouse gas emissions estimates. 
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Abstract Fine-scale fire patchiness is critical for preserving biodiversity, because the 

spatial pattern of burning influences the survival and reestablishment of plant and animal 

species in fire affected areas. Line transects were used to assess patchiness within the 

perimeter of 35 fires, that occurred between 2009 and 2011, in Australian tropical savannas. 

Burning patterns of ground layer vegetation were sampled in different seasons and 

vegetation classes. Two main fire characteristics were evaluated:  patchiness (patch density 

and mean patch length) and severity (inferred from char and scorch heights, and char and 

ash proportions). The mean burned area of ground vegetation was 83% in the early dry 

season (EDS: May-July) and 93% in the late dry season (LDS: August-November). LDS 

fires were less patchy (shorter and fewer unburned patches), and had higher fire severity 

(higher mean char and scorch heights, and twice the proportion of ash) than EDS fires. Fire 

patchiness varied among vegetation types. The relationship between ground layer 

patchiness and fire severity depended on season: they were well correlated in the EDS and 

uncorrelated in the LDS. Simulations performed to understand the implications of 

patchiness on the population dynamics of fire-sensitive plant species showed that small 

amounts of patchiness substantially enhance survival. 

Additional keywords: biodiversity, fire patterns, spatial heterogeneity, unburned patch. 

 

Introduction 

Tropical savannas of northern Australia, covering 

1.9 M km
2
, are among the most fire-prone 

ecosystems in the world, with a mean annual percent 

area burned of 19% over the period 1997–2005 

(Russell-Smith et al. 2007). In these ecosystems, fire 

is a natural ecological process required for 

maintaining biological diversity (Russell-Smith et al. 

2002b; Bowman et al. 2003). Fire patchiness is an 

important component of savanna fire regimes 

because unburned patches can affect ecological 

processes such as local extinction and recolonisation 

(Allan 2001; Russell-Smith et al. 2002a; Gill et al. 

2003; Price et al. 2003).  

 In general, a patch can be defined as a set of 

contiguous, adjacent observations of the same 

attribute (Turner 1990) and is therefore dependent 

on the scale of observations. This study focused on 

the distribution of burned and unburned ground layer 

patches contained within fire perimeters; that is, 

within the entire outer edge or boundary of a fire. 

Patchiness is a characteristic of both managed and 

natural fires. The distribution of unburned patches 

within a burned area can be deterministic, attributed 

to a landscape condition (e.g. heterogeneity of fuel 

type, topography, drainage lines), fire-behaviour, 

weather, or it may be stochastic, regarded as being 

caused by chance, if their place of occurrence in 

successive fires is unpredictable (Gill et al. 2003). 
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These unburned patches provide refuge for animals 

and fire sensitive plants, becoming an important 

source for the propagation of seeds, especially when 

an area is burnt so frequently that local extinction of 

obligate-seeder plant species can occur (Bradstock et 

al. 1995; Edwards et al. 2001; Burrows and Wardell-

Johnson 2003; Panzer 2003). Fire patchiness also 

has implications for watershed hydrology, can 

improve soil stability, and may also be applied 

strategically to reduce the risk of hazardous wildfires 

(Bradstock et al. 1998).  

 Prior to European colonisation, indigenous 

(Aboriginal) people managed savanna landscapes 

with fire, commencing burning in the early part of 

the dry season, (EDS; May-July) and producing 

highly patchy fires (Russell-Smith 1995; Yibarbuk 

et al. 2001; Garde et al. 2009). Traditional burning 

was, however, progressively abandoned throughout 

most of northern Australia.  Contemporary fire 

regimes are characterised by frequent, extensive and 

homogeneous, anthropogenic fires occurring mostly 

in the late dry season (LDS; August–November), 

under severe fire-climate conditions (Gill et al. 

1996). Substantial reduction in fire patchiness is 

implicated in population declines of a range of taxa, 

including the native cypress Callitris intratropica 

(Bowman and Panton 1993), granivorous birds 

(Franklin 1999), and small mammals (Bolton and 

Latz 1993; Braithwaite 1995; Woinarski et al. 2001; 

Price et al. 2005).  

 Various studies have been undertaken to better 

understand fire patchiness, for a variety of 

ecological and associated land management 

purposes. Turner et al. (1994) studied the 

heterogeneity that resulted from fires burning under 

moderate and severe weather conditions in the 1988 

fires that occurred in Yellowstone National Park.  

Hudak et al. (2004) measured the patchiness of fire 

scars in southern Africa savannas from annual burn 

maps (1972 to 2001) produced from Landsat 

imagery. Román-Cuesta et al. (2009) studied the 

biotic and abiotic factors that influenced unburned 

patches within the perimeter of a large forest fire 

that occurred in north eastern Spain. Assessing fire 

patchiness in Australian tropical savannas has also 

been a long time concern. Russell-Smith and 

Edwards (2006) reported that EDS fires have 80% 

probability of low intensity and would therefore be 

expected to have greater internal patchiness than 

LDS fires. Russell-Smith et al. (1997) investigated 

the maximum and median sizes of burned patches in 

Kakadu National Park, from 1980 to 1994. Allan 

(2001) compared an EDS fire with a LDS fire in an 

Australian savanna using Landsat imagery; the EDS 

fire had more internal area unburned (14.8%) 

compared with the LDS fire (8.5%). Russell-Smith 

et al. (2002a) discussed the importance of fine-scale 

patchiness for conservation of sandstone heath 

communities.  

 A key issue with all the above studies is that the 

scale of most remotely sensed imagery used, 

predominantly MODIS and Landsat, cannot detect 

fine-scale patches (≈1m scale). Price et al. (2003) 

assessed fine-scale patchiness through field 

measurements in sandstone heath vegetation on the 

Arnhem Land Plateau, northern Australia, using 

spatial autocorrelation to investigate the patterns of 

burns. We wish to expand on that line of research, 

assessing an extended geographic area with a 

broader range of vegetation communities, involving 

extensive field work. 

 The purpose of this study is to describe the fine-

scale patchiness of fire-created patterns found within 

a fire boundary, by season and savanna vegetation 

type, and to explore how patchiness is likely to 

affect plant demography. The following hypotheses 

were tested: i) burned area and fire severity are 

highest in the LDS and patchiness lowest; ii) 

patchiness and burned area differ by vegetation type; 

iii) percentage area burned is a function of fire 

severity in a scale-dependent manner; iv) plant 

survival increases with fire patchiness. This study 

expands on the work of Price et al. (2003) by: i) 

traversing a wider seasonal spread; ii) examining 

more transects; and iii) sampling diverse vegetation 

types, over a greater geographical area.  

Data and methods 

Data collection and study areas 

Line transects were used to assess fire patchiness 

along recently burned areas, covering five different 

vegetation types that correspond broadly to types 

defined in Edwards and Russell-Smith (2009): 

woodlands (WD), typically dominated by 

Eucalyptus tetrodonta and E. miniata, with ≤ 30% 

foliage projected cover (FPC), over an understory of 

perennial and annual grasses; open woodlands 

(OWD), also dominated by E. tetrodonta and E. 

miniata, with ≤ 10% FPC; open forests (OF) 

dominated by tall Eucalyptus spp. (8-20m) with FCP 

>30%, developed on well drained deeper sands, over 

a range of shrubs and slender perennial and annual 

grasses; sandstone heaths (SH), with FPC ranging 

from <10-30%, typically comprising a diverse range 

of shrubs and occasional small trees over a diverse 

herbaceous groundlayer dominated by perennial 

hummock (Triodia) grasses, and occupying rugged, 

dissected substrates derived from sandstone; and 

sandstone woodlands (SWD), with FPC <30%, 

dominated by Eucalyptus spp. with well-developed 

shrub layers and a mixture of native perennial and 

annual tussock and hummock (Triodia) grasses, 

occurring on shallow to rocky soils also derived 

from sandstone. 

 The burned areas surveyed were all located in the 

Northern Territory, where the climate is defined by a 

wet and dry season with 90% of the annual rainfall 

occurring in the wet season months of December to 
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April, and an average annual rainfall between 

2000mm and 500mm along a north-south gradient 

(Australian Bureau of Meteorology 2013).  All the 

areas were sampled burned between 2009 and 2011, 

in both the EDS and LDS (Table 1). Four ground 

transects were established in Humpty Doo (HD), 

five in South Arnhem Land (SAL), four in Acacia 

Gap (AG), 30 in West Arnhem Land (WAL), four in 

Batchelor (BT), two in Howard Springs (HS), one in 

Litchfield National Park (LF), two in Berry Springs 

(BS), seven in Kakadu National Park (KD), and nine 

in Robinson River (RR) (Fig. 1).  

 The starting point and direction of each transect 

was selected randomly within the boundary of the 

fire, and a footfall method was used: with the 

observer walking along the selected bearing and for 

every footfall (at ≈1m intervals) recording whether 

the ground immediately in front of the toe of the 

shoe was burned or unburned. Where the sample 

point was burned, it was recorded whether the 

surface was covered with char, ash, vegetation 

(photosynthetic or non-photosynthetic vegetation, 

i.e., green vegetative material or dry grass, dead 

leaves, stems and twigs), and bare soil or rock.  If 

the sample point was unburned, the presence of 

vegetation, and bare soil or rock was recorded 

(Table 2). Every 50 steps (≈50m), average char and 

scorch heights were recorded by visual estimation. 

Char height was recorded as the height above 

ground of blackened (burnt) fire-affected material. 

Scorch height was recorded as the height above 

ground of heat affected (scorched) foliage. A field 

database CyberTracker (www.cybertracker.org.), 

installed on a handheld computer, was used to record 

observations and an associated GPS location for 

each sample point. These were plotted in ArcGIS to 

determine transect length, and to calculate the mean 

footfall distance, 1.062m, which was assumed to be 

the constant inter-point distance in subsequent 

analysis

 

Fig. 1. Location of the study areas in the Northern Territory, Australia. 

Data analysis 

Each transect was described by season, vegetation 

type, number of sampled points, field measurements 

and additional variables derived from the field data 

(% burned, patch density, and mean patch length) 

(Table 2). Percentage burned was calculated by 

dividing the number of burned points by the total 

number of points on a transect. Patch density, the 

number of unburned patches (km
-1

), was obtained by 

counting the number of patches (contiguous 

unburned points) on a transect, and dividing this by 

the total length of the transect. Mean patch length 

was obtained by averaging the length of unburned 

patches. Patch density and mean patch length were 

used for assessments of fire patchiness; char height, 

scorch height, and mean percentage of char and ash 

were used for assessments of fire severity. 

 

http://www.cybertracker.org/
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Table 1. List of transects surveyed in the field.  

Place Transect Date 

(mm/yyyy) 

Length (m) 

Acacia Gap (AG) 
AG1 06/2010 2281 
AG2 06/2010 3091 
AG3 06/2010 1948 
AG4 06/2010 2354 

Batchelor (BT) 
BT1 06/2009 212 
BT2 06/2009 106 
BT3 08/2009 212 
BT4 08/2009 212 

Berry Springs (BS) BS1 09/2009 212 
BS2 09/2009 212 

Humpty Doo (HD) 
HD1 05/2010 1715 
HD2 05/2010 978 
HD3 05/2010 549 
HD4 05/2010 962 

Howard Springs 

(HS) 

 

HS5 10/2009 212 
HS6 10/2009 212 

Kakadu National 

Park (KD) 

KD1 11/2009 270 
KD2 11/2009 266 
KD3 11/2009 213 
KD4 11/2009 266 
KD5 11/2009 266 
KD6 11/2009 220 
KD7 11/2009 267 

Litchfield National  

Park (LF) 

LF1 

LF1 

08/2009 212 

Robinson River 

(RR) 

RR1 09/2011 900 
RR2 09/2011 389 
RR3 09/2011 546 
RR4 09/2011 597 
RR5 09/2011 147 
RR6 09/2011 516 
RR7 09/2011 458 
RR8 09/2011 859 
RR9 09/2011 1257 

South Arnhem 

Land (SAL) 

SAL1 05/2010 1062 
SAL2 05/2010 553 
SAL3 05/2010 447 
SAL4 05/2010 744 
SAL5 05/2010 218 

West Arnhem 

Land (WAL) 

WAL1 07/2009 417 
WAL2 07/2009 238 
WAL3 07/2009 547 
WAL4 07/2009 78 
WAL5 07/2009 447 
WAL6 07/2009 297 
WAL7 07/2009 509 
WAL8 07/2009 451 
WAL9 07/2009 360 

WAL10 07/2009 548 
WAL11 07/2009 313 
WAL13 07/2009 130 
WAL14 07/2009 86 
WAL15 07/2009 399 
WAL16 07/2009 358 
WAL17 07/2009 425 
WAL18 07/2009 425 
WAL19 07/2009 213 
WAL20 07/2009 213 
WAL21 09/2009 157 
WAL22 09/2009 212 
WAL23 09/2009 212 
WAL24 09/2009 212 
WAL25 09/2009 321 
WAL26 09/2009 306 
WAL27 09/2009 319 
WAL28 09/2009 272 
WAL29 09/2009 270 
WAL30 09/2009 195 
WAL31 10/2009 915 

  

Data were analysed both by season and vegetation 

type. To assess the data only by season, all transects 

were considered (n=68). To assess the data by 

vegetation type and season, transects containing 

more than one vegetation type were partitioned into 

separate transects; for example, a transect 

encompassing three different vegetation types was 

divided into three transects. This partitioning 

resulted in a total of 79 transect units. 

 Field measurements and derived variables were 

compared for seasonal and vegetation type 

differences, using analysis of variance (ANOVA).  

Before performing ANOVA, the normality and 

homogeneity of variances of the data were tested 

using the Shapiro-Wilk and the Bartlett tests, 

respectively. 

 Regression analysis was used to assess the 

existence of a relationship between fire severity and 

percentage area burned. Char and scorch heights 

were used as indicators of fire severity, because they 

are well related to fire intensity in northern Australia 

(Williams et al. 2003), and with fire severity (Keeley 

2009; Edwards et al. 2013). Specifically, regression 

analyses were performed for char height vs. scorch 

height, char height vs. % burned, and scorch height 

vs. % burned. Different levels of char and scorch 

height aggregation (50m, 100m, 150m, and 200m) 

were tested to assess the effect of spatial scale. The 

highest level of aggregation was kept at 200m in 

order not to eliminate data, since several transect 

units were around 200m in length.  

 Implications of patchiness on the population 

viability of fire-sensitive (obligate seeder) plants 

was investigated via a simulation analysis whereby a 

population of plants which is killed by fire but can 

re-populate if no fire occurs for seven years, was 

subject to a fire regime with different fixed levels of 

patchiness. At the start of the simulation there were 

1000 locations each occupied by a plant. Each plant 

was considered independently. The chance that it 

burned in each year was the product of the 

probability of a fire occurring (set at 0.3 for all 

simulations to reflect typical savanna fire return 

intervals under higher rainfall conditions; e.g. 

Russell-Smith et al. 2007) and the percentage burned 

by the fire, which was set as one of four levels (50, 

83, 93 or 100). The 83% and 93% values reflect 

levels of the burned area in EDS and LDS fires 

found in this study, and the bounding 50% and 

100% values are used for comparisons. A random 

number drawn from a lognormal distribution (as 

described in Oliveira et al. 2013) was used to 

determine whether a location burnt in any one year. 

A burnt location could be re-populated (probability 

R) if there were no fires for seven subsequent years, 

determined by a random number proportional to the 

overall population size (R=N/500 if N<500 and R=1 

if N>=500). The simulation ran for 100 years, and 

the population trajectory was recorded. 

Results  

Field transects 

The number and length of line transects that were 

surveyed are presented in Table 3, grouped 
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according to season and vegetation type. Thirty four 

transects were surveyed in both the EDS and LDS. 

There were less SH and SWD transects due to 

accessibility limitations. The profiles of unburned 

points for each transect are shown in Fig. 2. 

 

Table 2. Field data collected along transects and derived variables. 

Measurement frequency Fire class Field measurements and derived variables 

≈1 m 

Burned 

Char (yes/no) 

Ash (yes/no) 

Vegetation (yes/no) 

Rock or bare soil (yes/no) 

Unburned 
Vegetation (yes/no) 

Rock or bare soil (yes/no) 

≈50 m 
 Char height (m) 

 Scorch height (m) 

Transect 
 Patch Density (km-1) 

Mean patch length (m) 

Comparison of fire transects by season 

The mean percentage burned within fire perimeters 

was higher in the LDS (93%; SEM=1.5) compared 

to the EDS (83%; SEM=1.7) (Fig. 3a). All transects 

had at least 54% of the ground vegetation burned. In 

the EDS only one transect burned completely while 

in the LDS 10 transects burned completely. The 

percentage of rock and bare soil was higher in 

transects sampled in the LDS (Fig. 3a,b). Relative 

proportions of char and ash depend on the season: 

mean % ash was twice as high in the LDS (12%) 

than in the EDS (6%) and mean % char was lower in 

the LDS (59%) compared to the EDS (65%). Both 

char height and scorch height were higher in the 

LDS (Fig. 3c). The mean char and scorch heights 

were higher (7.2m and 1.4m, respectively) for 

transects that burned completely in the LDS than the 

mean values for all LDS transects. This observation 

reinforces the idea that there is a quantitative 

relationship between char/scorch heights and burned 

area. Unburned patch density and mean unburned 

patch length were higher in the EDS than in the LDS 

(Fig. 3d,e). The majority of unburned patches had no 

unburnable points and 51% of these patches 

corresponded to a single observation (≈1m). Small 

patches (1m) were considerably more common in 

the EDS (Fig. 4) and large patches (≥ 20m) were 

also more abundant in the EDS.  A large percentage 

of patches (87% in the EDS and 89% in the LDS) 

were ≤ 5m and only a small percentage of patches 

was ≥ 20m (3% in the EDS and 2% in the LDS). 

 

Table 3. Summary of all transects. Season refers to the seasonality of the original transects, and Season x Vegetation 

refers to transects partitioned by vegetation type and season. (EDS=Early dry season, LDS=Late Dry Season, 

WD=woodlands, OWD= open woodlands, OF= open forests; SH= sandstone heaths, SWD= sandstone woodlands).  

 Season Vegetation No. of 

transects 

Total No. of 

transects 

Length (m) Total Length 

(m) 

Season 
EDS 34 

68 
23710 

38159 

 

LDS 34 14450 

Season 

x 

Vegetation 

EDS 

WD 18 

79 

13092 

OWD 9 2889 

OF 12 4951 

SH 6 2020 

SWD 2 757 

LDS 

WD 7 4469 

OWD 6 4799 

OF 15 3676 

SH 2 1051 

SWD 2 455 
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Fig.2. Transect profiles of unburned points (black vertical lines) grouped by season and vegetation type. Next to each 

transect is indicated the percentage of the transect that burned. The column on the left is the code as in Table 1. 

(EDS=Early dry season, LDS=Late Dry Season, WD=woodlands, OWD= open woodlands, OF= open forests, SH= 

sandstone heaths, SWD= sandstone woodland). 

Comparison of fire transects by season and 

vegetation type 

When considering the partitioned transects, burned 

area was also lower in the EDS (Fig. 5a,b). Open 

woodlands (OW) were the most extensively burnt 

vegetation type and SWD the least. Overall, the 

same seasonal trends described for fire transects by 

season were observed for every ground category, by 

vegetation type. Mean char and scorch heights were 

highest in OWD in the EDS, and in WD in the LDS 

(Fig. 5 c,d). The lowest values of char height were 

found in WD in the EDS. Scorch height was lowest 

in WD in the EDS, and in OF in the LDS. Char 

height was sampled for OWD only in one transect, 

in the LDS. There was no transects assessed in SH 

and SWD in the EDS. Patch density was highest in 

SH and lowest in OWD (Fig. 5e) and it was highest 

in the EDS for all vegetation types except OWD and 

SWD. Mean unburned patch length was almost five 

times higher in OF when compared to the lowest 

value, observed in OWD (Fig. 5f). Mean patch 

length was higher in the EDS, except in SH and 

SWD. 
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Fig. 3. a) Field measurements made in burned areas, b) Field measurements made in unburned areas, c) Mean char and 

scorch heights, d) Unburned patch density, and e) Mean unburned patch length, by season. (EDS=Early dry season, 

LDS=Late Dry Season). Error bars=s.e.m. 

Fig. 4. Frequency distribution of unburned patch size for 

the early dry season (EDS) and late dry season (LDS).  

Statistical comparison by season and vegetation 

type 

There was no evidence to reject the assumption of 

normality of the data and the homogeneity of 

variances. The p-values of the two-factor ANOVA 

tests are displayed in Table 4. The results suggest 

that % burned, % char, % ash, and patch density 

differ by season; % char, % ash, and patch density 

differ by vegetation type; and, significant interaction 

effects between season and vegetation were 

observed for % char, % ash, scorch height, and char 

height. 
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Fig. 5. a) Field measurements made in burned areas, b) Field measurements made in unburned areas, c) Mean char 

height, d) Mean scorch height, e) Unburned patch density, and f) Mean unburned patch length, by vegetation type and 

season. (EDS=Early dry season, LDS=Late Dry Season, WD=woodlands, OWD= open woodlands, OF= open forests, 

SH= sandstone heaths, SWD= sandstone woodlands). Error bars=s.e.m. 

Table 4. Significant p-values for the ANOVA. 

 p-values  

Season Vegetation Season x vegetation 

Percentage burned 0.0037 - - 

Percentage char 0.0378 0.0254 0.0174 

Percentage ash 0.0013 0.0092 0.0169 

Scorch height - - 0.0225 

Char height - - 0.0438 

Patch density 0.0017 0.0106 - 

Patch length - - - 

Regression analysis of fire severity measures 

The level of data aggregation that produced the 

strongest correlation between char and scorch 

heights was 200m. There was a weak positive 

correlation between these two variables in the EDS 

(R
2
= 0.30) and a stronger correlation in the LDS 

(R
2
= 0.66); the regressions were significant at the 

5% level (p=0.000004 and p= 0.0000009, 

respectively). The correlations with data aggregated 

at 50m, 100m, and 150m were respectively R
2
= 

0.28, 0.29, and 0.34 in the EDS and R
2
= 0.43, 0.51, 

and 0.49 in the LDS; the regressions were all 

significant at the 5% level (p<0.0001).  
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 When assessing the relationship between scorch 

height and % burned area, the best results were also 

obtained when aggregating data at 200m. The 

relationship between the two variables was 

approximately logarithmic (Fig. 6). Seventy percent 

of the EDS burned area variability is explained by 

mean scorch height (Fig. 6a) but no relationship was 

found for the LDS (Fig. 6b). The correlations with 

data aggregated at 50m, 100m, and 150m were 

approximately R
2
= 0 in the LDS and R

2
=0.23, 0.39, 

and 0.59 in the EDS, respectively. The relationship 

between char height and burned area was always 

lowest (Fig. 6c, d), but the same trends remain, with 

the best relationship between the two variables in the 

EDS.  The correlations with data aggregated at 50m, 

100m, and 150m were approximately R
2
= 0 in the 

LDS and R
2
=0.19, 0.23, and 0.40 in the EDS, 

respectively. Usually, completely burned transects 

have higher values for char and scorch heights than 

transects that were partially burned.  

 

Fig. 6. Scatter plots of the percentage burned and scorch height (m) in the a) early dry season (EDS), and b) late dry 

season (LDS); scatter plots of the percentage burned and char height (m) in the c) early dry season (EDS), and d) late dry 

season (LDS), for data aggregated at 200m. Dashed lines correspond to a 95% confidence band around the mean burned 

area. Because there was no significant relationship between percentage burned and scorch height in the LDS, the equation 

of the logarithmic curve and the confidence bands were omitted.  
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Simulation of plant population dynamics 

Plant population simulation results suggested that 

the higher the patchiness, the greater the number of 

surviving obligate seeding plants. The plants became 

extinct after 22 years when there was no patchiness, 

or after 40 years with 93% burnt (mean burned area 

of LDS transects) (Fig. 7). The population persisted 

for at least 100 years with higher levels of 

patchiness, with a mean remnant population of 19 

plants with 83% burned (mean burned area of EDS 

transects) and 284 with 50% burned. When the 

simulations were repeated without the ability to 

repopulate, extinction occurred in all scenarios, but 

the time taken to extinction increased with 

patchiness.    

 

Fig. 7. Plant survival according to different percent burned 

(100%, 93%, 83% and 50%) with ability to recolonise 

after seven years without fire.  

Discussion 

This study has extended the findings of previous 

work on fire patchiness in tropical savannas of 

northern Australia. We not only found that 

seasonality was the factor that most influenced 

percent area burned and fire severity (e.g., Price et 

al. 2003; Russell-Smith et al. 2003; Williams et al. 

2003), due to the highly variable intra-seasonal 

climate of this region, but that patchiness, mainly 

patch density, was strongly influenced by vegetation 

type, probably due to variation in fuel continuity. 

Fire severity was also influenced by the interaction 

between season and vegetation type.  

 Late dry season fires tend to burn more area and, 

in this study, were found to be more severe and less 

patchy (shorter and fewer frequent unburned 

patches) than EDS fires. Grasses, the dominant 

component of the combustible fuel in these areas, 

progressively cure and collapse with the onset of the 

dry season. In addition, relative humidity and soil 

moisture decrease, whereas temperature and wind 

speed increase (Gill et al. 1996), creating ideal 

conditions for fire spread. The internal unburned 

percentage recorded in this study (17% for the EDS 

and 7% for the LDS) was very similar to the results 

obtained by Allan (2001) for an area in the NT (15% 

for the EDS and 8.5% for the LDS). Our LDS values 

are also similar to those in Russell-Smith et al. 

(2003). However, compared to the study of Price et 

al. (2003), the fires studied here had lower 

patchiness and the patches were generally much 

smaller. Much of the patchiness in Price et al. (2003) 

was due to rockiness, and most of the transects 

(including all of the LDS fires) were in rocky areas. 

Rockiness is known to strongly influence patchiness 

(Price et al. 2003).  In this study, the mean 

percentage of rock was 2% and, accounting for bare 

soil, the percentage increased to 16%, a value much 

lower than the 39% reported by Price et al. (2003) 

for mean rockiness. Another reason for the disparity 

in results may be the fact that Price et al. (2003) 

included some fires or parts of fires from both 

seasons where intensity was very low. Likewise, for 

prescribed burns in southern Australian eucalypt 

forests, Penman et al. (2007) reported greater 

patchiness than observed here, with burned area 

values ranging from 10% to 100%, with a mean of 

65%. By contrast, in this study, open forest burned 

area ranged from 77% in the EDS to 93% in the 

LDS. There are several likely reasons for this: 

prescribed burns are typically of low intensity and, 

according to Williams et al. (1998), fire intensities 

of fuel reduction burns are typically higher in 

northern Australia compared to southern Australia; 

there are also other differences in fire behaviour due 

to fuel type and architecture. 

 Patchiness (patch density and mean patch length) 

was lowest in OWD, which was also the vegetation 

type with the highest percent burned (in agreement 

with Russell-Smith et al. 2003). According to 

Cheney and Sullivan (2008), fuel continuity, the 

extent to which the surface of the ground is covered 

by fuel, is the main characteristic influencing fire 

spread. Open woodlands (OWD) are dominated by 

flammable tall annual sorghums and tall perennial 

grasses, supplemented by scattered leaf litter that 

can fill bare patches in the grass sward, making for a 

more continuous fuel bed. On the other hand, 

percent burned was lowest in sandstone types and 

patch frequency was highest, due to decreased fuel 

continuity caused by a large proportion of exposed 

rock surfaces. Rocky surfaces and bare soil act as 

barriers to fire spread and discontinuous grasslands 

will not carry a fire until the wind speed exceeds a 

particular threshold (Cheney and Sullivan 2008). 

Open forests exhibited the longest mean patches, 

possibly due to greater fuel moisture content, 

associated with the highest percent canopy cover of 

all vegetation types. Moisture content has a major 

effect on fire spread; fires will not spread when 

grasslands are less than 50% cured, and only reach 

their full fire spread potential when they are more 

than 95% cured (Cheney and Sullivan 2008). 
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There was a strong relationship between char and 

scorch heights in the LDS, mostly because of the 

influence of very high values of scorch height and 

because there is much less charred material to assess 

in the lower severity char heights in the EDS. Fires 

in the LDS are generally more intense, and 

consequently more severe than in the EDS, when 

there was greater variability in char and scorch 

height measurements. Burned area and severity were 

strongly correlated in the EDS, with 70% of burned 

area explained by mean scorch height. In the LDS, 

the percentage burned was very high, close to 100%, 

across a wide range of scorch height values, which 

explained the weak relationship between the two 

variables. The improvement in the relation between 

these variables with spatial aggregation is quite 

natural to observe because variance is reduced by 

data smoothing. By aggregating the data (initially 

collected every 50m) up to 200m, disparate 

observations are diluted, confirming the scale 

dependence of this relationship. In this study scorch 

height was a better surrogate of fire severity than 

char height, being better related to percent area 

burned than char height. In fact, some authors 

recommend that measurements of fire severity be 

restricted to measures of organic matter loss, such as 

canopy scorch or ash deposition (e.g. Keeley 2009), 

which is potentially what one is measuring with 

scorch height in tropical savanna habitats dominated 

with ground fires, with little or no canopy fire 

spread. Char height may not always be closely 

correlated with flame length (and thus, fire severity), 

given localised variation in winds and variation in 

the size and moisture content of leaves (Williams et 

al. 2003), but also due to the paucity of vegetation 

between the ground and upper storeys. White ash is 

also an important indicator of fire severity (Edwards 

et al. 2013). It has been positively correlated with 

fire intensity and represents near-complete 

combustion of the available fuel, offering little 

protection to the soil from rainfall and therefore 

erosion (Roy et al. 2010). The increased % ash in 

the LDS (twice as high) confirms the greater 

severity of the LDS fires. Charred vegetation is 

typically conspicuous in the EDS, associated with 

variable, low severity fires.  

 An important observation of this study is that 

obligate seeder survival simulations are sensitive to 

even small differences in fire patchiness, such as the 

10% difference observed between the EDS and the 

LDS. This finding supports arguments advanced by 

many authors concerning the biodiversity benefits of 

smaller, patchier EDS savanna fires (e.g. Edwards et 

al. 2001; Russell-smith et al. 2002a, 2003; Andersen 

et al. 2005; Yates et al. 2008). Many studies have 

also argued that implementing a prescribed EDS 

burning program has substantial benefits in 

restricting the spread of extensive LDS wildfires 

(e.g. Russell-Smith et al. 1997, 2003; Yates et al. 

2008; Price et al. 2012).  For example, by imposing 

prescribed EDS burning between 2005-2009 over 

24,000 km
2
 in western Arnhem Land, Price et al. 

(2012) showed that mean fire extent in the LDS 

period was reduced by 16.5% by comparison with 

the mean extent for the prior 15 years, yielding a 

mean overall reduction of 6%. Reduction in the 

extent and severity of LDS fires is known to have 

significant benefits both for obligate seeders as well 

as for resprouting species (Williams et al. 1998, 

1999; Russell-Smith et al. 2002a, 2012). Another 

approach for biodiversity management should be 

increasing both the spatial heterogeneity and non-

randomness of EDS burning, so that patches of long-

unburned vegetation are more effectively 

compartmentalised, reducing the potential for large, 

severe fires (Turner et al. 1994; Andersen et al. 

2005).  

Conclusion 

Current remote sensing techniques cannot be used to 

study fire patterns at a spatial scale relevant to 

individuals and populations of plants, because the 

resultant burned area maps do not account for the 

fine-scale patchiness that is associated with fire 

scars, especially in the EDS. For this reason, in-situ 

transects were used in this study to detect fire 

patterns, at a finer spatial scale (≈1m) than previous 

studies. Collecting this type of data is particularly 

important in fire prone Australian savannas, where 

fire frequency is very high, and there is a risk of 

localized extinction of fire sensitive obligate seeders 

from adverse fire regimes. 

 We found that seasonal timing of fires affected 

burned area, vegetation type influenced fire 

patchiness, and the interaction between season and 

vegetation type affected fire severity. All initial 

hypotheses were successfully addressed: i) burned 

area and fire severity were higher in the LDS and 

patchiness lower (shorter and less frequent unburned 

patches) than in the LDS; ii) patchiness differed by 

vegetation type, with sandstone heaths having the 

highest patch frequency (low fuel continuity due to 

larger proportion of exposed rock surfaces), OW the 

lowest (greater continuity of grassy fuels), OF had 

the longest mean patches (greater fuel moisture 

content and highest canopy cover), and OW the 

smallest; iii) fire severity and percentage area burned 

were strongly related in the EDS, with 70% of EDS 

burned area being explained by mean scorch height; 

the relationship between the two variables increased 

with the spatial aggregation of the data, because 

extreme data values were smoothed; iv) increasing 

fire patchiness can substantially enhance the survival 

of fire-sensitive (obligate seeder) species. 

 The risk of localized extinction of fire sensitive 

obligate seeders may be reduced with the use of 

prescribed burning undertaken in the EDS through 

increased fire patchiness and reduced severity. In 

this study, almost all fires surveyed contained 

unburned patches, although most of these were very 
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small (≈1m). These results suggest that the 

ecological impacts of high frequency fires are likely 

to be lower than has been often predicted based on 

assumptions of homogeneous burning; there was 

almost always some chance that fire-sensitive 

species could survive a fire, and this chance 

increases in rockier habitats which contain the 

greater proportion of regional endemics. 
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Abstract We investigated fire patterns in the early and late dry seasons in the tropical savannas of 

the Northern Territory, Australia. Our goal was two-fold: to characterize the spatial pattern of 

burned areas and to describe how those patterns depend on the spatial resolution. In order to derive 

a very high spatial resolution characterization of fire patterns in the tropical savannas we walked 

38.2km of line transects, sampling the presence/absence of burning evidence at 1m intervals, in 35 

different fires that occurred between 2009 and 2011. Our results show that fire patterns are clearly 

not random, and exhibit spatial clustering. We also demonstrate that although spatial 

autocorrelation is significative up to approximately 170m for the early dry season and 50m for the 

late dry season, the scale of pattern, understood as the mean distance between centres of unburned 

patches and burned gaps, is much lower (≈ 12m for both seasons), suggesting strong fragmentation 

of fire patterns.  We performed a multi-resolution analysis of our transect data and analysed how 

scale of pattern, patch size and density, and estimated proportion of burned area varied with spatial 

resolution and burned/unburned segmentation threshold. We quantified the increase in estimated 

scale of pattern and patch size, and the reduction of patch density and proportion of burned area 

induced by degradation of the data spatial resolution. These results are meaningful to assess the 

accuracy of maps of fire patterns in tropical savannas derived from remote sensing imagery at 

different spatial resolutions. In particular, we determined the optimal trade-off between spatial 

resolution and segmentation threshold with respect to the accurate estimation of total burned area.  

Keywords: fire patterns, patchiness, multi-resolution, remote sensing, tropical savannas. 

 

1. Introduction 

Fire is an integral part of many ecosystems, and of 

particular importance in tropical savannas, the most 

fire-prone biome on Earth (Schultz et al., 2008; van 

der Werf et al., 2010).  Australian tropical savannas 

are fire-affected on an annual–biennial basis, with 

burning occurring today mostly as uncontrolled 

wildfires under relatively severe weather conditions 

(Russell-Smith et al., 2003, 2007; Whitehead et al., 

2003). The burning season is conventionally divided 

into the early dry season (EDS) from May to July and 

late dry season (LDS) from August to November. The 

most severe fire weather occurs at the end of the LDS, 

mainly in September-October (Gill et al., 1996). The 

regional climate is characterised by marked rainfall 

seasonality, with over 90% occurring in the wet 

season, from December to March, and by daily 

maximum average temperatures above 30
0
C 

throughout the year. Vegetation cover is dominated by 

Eucalyptus miniata and E. tetrodonta, typically over a 

grassy understory (Wilson et al., 1990; Russell-Smith, 

1995).  

 North Australia tropical savannas are recognised 

for their important biodiversity values, including 

many endemic plants and animals (Woinarski et al., 

2007). However, biodiversity has declined across 
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large areas in recent decades, attributable at least in 

part to frequent burning and reduction in fine-scale 

heterogeneity (Braithwaite, 1995; Price et al., 2005; 

Woinarski et al., 2005; Yates et al., 2008). Fire 

heterogeneity created by burned and unburned patches 

within a fire perimeter has been acknowledged as a 

major determinant of species richness at the landscape 

scale (Wiens, 1997; Doherty et al., 2010) because it 

can reduce the risk of hazardous fires and provide 

refuge for fire sensitive species (Parr and Andersen, 

2006; Penman et al., 2007). The purpose of this study 

is to describe the spatial heterogeneity of fire-

generated patterns found within fire perimeters based 

on in-situ field transects, and to evaluate the effects of 

varying spatial resolution in the detection of fire 

patterns and its implications on burned area mapping 

accuracy.  

 Several methods have been proposed to describe 

spatial heterogeneity and provide information about 

spatial patterns: tests of non-randomness, quadrat 

variance methods, spectral analysis, fractals, spatial 

autocorrelation, lacunarity analysis and wavelet 

analysis (Fortin and Dale, 2005). All the above 

methods generate only one index calculated for a 

single spatial scale, except for lacunarity, wavelet and 

spectral analyses which have the clear advantage of 

considering a range of scales (Dale, 2000). Wavelet 

analysis is often used for data compression and 

spectral analysis is more adequate for periodic series 

(Fortin and Dale, 2005). Lacunarity can also be used 

to classify patterns according to the degree of 

aggregation or clumping, and therefore provides a 

criteria to qualitatively characterize the type of 

patterm. More precisely, Plotnick and Gardner (1996) 

classify patterns from regular, to random, to clumped 

and finally to clustered, depending on the shape of the 

curve of  lacunarity versus resolution. Since lacunarity 

for a fixed resolution can be seen as a dispersion index 

(a ratio between variance and mean), the departure 

from randomness corresponds to the categories of 

patterns  that  Greig-Smith (1983) coined as 

overdispersed (i.e. clumped) and underdispersed (i.e. 

regular).  

 A main characteristic of a spatial pattern is its 

scale.  Dale (2000) defines the “scale of a pattern” as 

“the average distance between the centres of adjacent 

patches and gaps”. The rationale behind this simple 

and objective definition is to match the scale to the 

size of the main building blocks of the pattern, i.e. the 

burned gaps and the unburned patches in our case. 

However, the notion of scale of a pattern is elusive, 

since it has also been discussed using a variety of 

techniques including the above mentioned lacunarity, 

spectral analysis, wavelet analysis (Saunders et al., 

2005) and semivariance analysis (Meisel and Turner, 

1998), leading to non-equivalent definitions of scale 

(Gardner, 1998). To complicate things, it is widely 

accepted that patterns can be hierarchically structured, 

i.e., they might exhibit more than one scale. Saunders 

et al. (2005) compared four well known datasets and 

found that different techniques lead to different 

measures of scale. Thus, those authors stress that 

results from the above mentioned techniques need to 

be carefully interpreted in concert with ecological 

knowledge of the original data. Since dominant scales 

according to those approaches diverge, we restrict our 

analysis to the objective definition of scale of a pattern 

from Dale (2000) and other similar measures that are 

defined from  the sizes of gaps and patches in our 

transects.  

 Satellite sensors also play an important role in 

detecting spatial heterogeneity and are routinely used 

to estimate the proportion of burned areas (Eva and 

Lambin, 1998; Roy, 1999; Giglio et al., 2010). They 

are able to acquire data across extensive areas at high 

temporal frequency, providing a cost effective and 

time-saving approach to specify the location of fires 

and the extent of burned areas (Pereira et al., 2003). 

Sensors have different spatial resolutions like 10m or 

20m for the Satellite pour l'Observation de la Terre 

(SPOT), 30m for Landsat Thematic Mapper (TM) or 

Advanced Spaceborne Thermal Emission and 

Reflection Radiometer (ASTER), 250m or 500m for 

MODerate Resolution Imaging Spectroradiometer 

(MODIS), and approximately 1000m for SPOT 

VEGETATION. However, the spatial resolution of the 

most common satellite sensors used in burned area 

mapping may not be able to accurately detect very fine 

burn pattern heterogeneity (Price et al., 2003). To 

assess that limitation, we derive from our data (where 

inherent resolution is approximately 1m) synthetized 

patterns at coarser resolutions that correspond to the 

range of the above mentioned sensors. Then we 

analyse how fire patterns in tropical savannas of 

northern Australia are exhibited at different resolution 

and how much detail is lost when the signal become 

spatially coarser.  In addition to resolution, burned 

area estimates also depend on the classification 

algorithm. A key ingredient of any classification 

algorithm is the threshold that discriminates “burned” 

from “unburned” (Barbosa et al., 1999; Giglio et al., 

2009). We also use our data to evaluate the trade-off 

between resolution and threshold that leads to correct 

estimation of burned area. 

2. Data and methods 

2.1. Data collection 

 Line transects were established to record the 

patterns of burned gaps and unburned patches within 

the perimeters of fires that occurred between 2009 and 

2011 in the northern part of the Northern Territory, 

Australia, as illustrated in Figure 1. For each transect, 

an observer randomly selected a starting point near the 

edge and inside the fire perimeter and walked towards 

the inside of the burned area. For every footfall it was 

recorded whether the ground immediately below the 

toe of the shoe was burned or unburned. All 

observations and associated GPS locations were 

recorded in a handheld computer. The mean distance 
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between footfalls, estimated from the GPS recordings, 

was 1.062m.  This was assumed to be the constant 

inter-point distance when converting transect 

observations to distance, in meters.  

 In total, 68 transects were assessed, 34 in the EDS 

and 34 in the LDS, totalling 23.7km and 14.5km, 

respectively. The percentage of transect points that 

were recorded as unburned was 18.3% in the EDS and 

8.9% in the LDS. The profiles of unburned points for 

each transect are shown in Figure 2. 

2.2. Autocorrelation 

 We determined the autocorrelation within fire 

transects aggregated by season. This measure is used 

in semivariance analysis, where the dominant scale of 

variability is associated with the range of the 

semivariogram, which in turn is the distance beyond 

which pairs of objects no longer exhibit spatial 

autocorrelation (Meisel and Turner, 1998). Hence, we 

considered pairs of observations belonging to the 

same transect and separated by a constant lag, and 

computed the correlation between those pairs. We 

obtained a plot of autocorrelations for all lag values. 

According to Meisel and Turner (1998), the dominant 

scale of variability is the lag beyond which the 

autocorrelation approaches zero and, therefore, 

observations become spatially uncorrelated. Locations 

that are farther apart than the dominant scale of 

variability can be considered as being independent 

spatial units. 

2.3. Multi-resolution analysis 

This analysis is based on multi-resolution techniques 

that analyse how spatial resolution and 

burned/unburned segmentation thresholds affect fire 

heterogeneity and burned area estimates. As the 

starting point to apply those techniques, we use the 

gliding box approach proposed by Allain and Cloitre 

(1991), which we generalize to handle sets of 

transects. In this study, a transect can be seen as an 

ordered sequence of 0s and 1s (cells), where the 1s 

represent the patches (i.e. the unburned sections) and 

0s represent gaps (burned sections).   

 In the gliding box method, a box of length r is 

placed at the beginning of a transect and the number 

of 1’s is determined. The box is then moved along the 

transect one position at the time; the last box includes 

the last cell of the transect. For a transect of length L, 

there are N(r) =L-r+1 boxes of size r; each box has a 

certain number of 1s, with values between 0 and r. 

Hence the transect can be represented at resolution r 

as a sequence of “grey” levels (between 0 and r), 

where level 0 (white) corresponds to boxes with zero 

1s, and level r (dark) corresponds to boxes with r 

occurrences of the value 1. Figure 3 pictures the grey 

levels for one of our 68 transects of 700m length. 

 

 

Fig.1. Location of study areas in the Northern Territory, Australia: AG, Acacia Gap;  BS, Berry Springs; BT, Batchelor; HS, 

Howard Springs; HD, Humpty Doo; KD, Kakadu National Park; LF, Litchfield National Park; RR, Robinson River; SAL, 

South Arnhem Land; WAL, West Arnhem Land. 
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Fig.2. Transect profiles for the 68 transects used in this study. The patches (i.e. unburned sections) are 

represented by black vertical lines. The transects are grouped by season: EDS indicates early dry season and 

LDS indicates late dry season. The transect code is followed by the percentage of the transect points that were 

burned. The length of each transect is represented by a horizontal line in the x-axis.  

 

 

 Since there is more than one transect per season, 

we generalized the gliding box approach for sets of 

transects in a straightforward manner:  we considered 

all boxes of size r that fit in any of the transects of the 

set (but we did not consider boxes that would overlap 

more than one transect). For instance, if we had two 

transects of length 80 and 100 respectively, and r=10, 

then there would be N(10)=162 boxes: 71 boxes in the 

first transect and 91 in the second. 
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Fig.3. Grey levels for transect EDS_SAL4. The leftmost 

column of the image (r=1) represents the original transect 

with 21% of 1s. The gliding box technique groups 

observations in L-r+1 (piled) boxes for each resolution (r). 

The grey levels in the figure represent the proportion of 1s 

in each box. The resolutions are plotted on a logarithmic 

scale. The solid line represents M1(r)/r=the average number 

of 1s in the set of boxes for each resolution (r). It is precisely 

0.21 when r=1 and fluctuates when r increases due to the 

boundary effect.  

2.4. Lacunarity 

 Lacunarity was first developed by Mandelbrot 

(1983) to distinguish geometric sets with the same 

fractal dimension, but with different textures. More 

specifically, lacunarity measures the deviation from 

translational invariance, which is a property that 

depends on resolution. Therefore, the lacunarity of a 

transect is a function of the resolution: a transect can 

be almost translationally invariant (low lacunarity) at a 

certain resolution and very heterogeneous (high 

lacunarity) at some other resolution. Figure 4, adapted 

from Plotnick et al. (1993) depicts a range of transects 

and their respective lacunarity curves and illustrates 

how lacunarity varies with the distribution of gap 

sizes. 

 Lacunarity depends on the distribution of the grey 

levels discussed above: for each resolution r, 

lacunarity is defined as  Λ(r)= 1+ Var(r) / [M1(r)]
2 

, 
 

where Var(r) is the variance of the grey levels and 

M1(r) is the average grey level over all N(r) boxes of 

resolution r. Hence, Λ(r) is minimum ( i.e. Λ(r)=1) 

when all boxes have the same grey level, i.e., when all 

boxes of resolution r have the same number of 1s.  

 Of particular interest is the lacunarity of random 

sequences. Figure 4 compares lacunarity curves with 

90% and 80% estimated confidence bands for the 

lacunarity of random patterns of 0s and 1s. Inspection 

of Figure 4 reveals that random and Levy dust 

transects described by Plotnick et al. (1996) fall within 

those intervals, while regular and clustered transects 

are respectively below and above that region. 

Following Greig-Smith (1983), Dale (2000) described  

 

 

Fig.4. (Top) Seven hypothetical transect profiles (vertical 

bars represent unburned points) with the same length (256m) 

and percent burned points (17.2%), but differing in spatial 

pattern, and (Bottom) Lacunarity profiles for the 

corresponding patterns. The horizontal axis indicates the 

resolution (r), which varies from 0 to 256 and the vertical 

axis the value of log Λ(r). The light grey (dark grey) area 

corresponds to a 90% (80%) confidence band around the 

random pattern curve. Clumps 4, 11 and 22 represent 

different degrees of clumping with the numbers indicating 

the number of consecutive vertical bars (e.g. clumps of size 

4 have four consecutive vertical bars and are designated 

clumps4). 

these three broad classes respectively as “random”, 

“overdispersed” and “clustered”. Figure 4 shows that 

the shape of lacunarity profiles gives an indication on 

the degree of patch clumping: higher lacunarity 

profiles are in general related to larger patches, as 

pointed out in Plotnick et al. (1996). Since lacunarity 

is a function of scale, lacunarity profiles not only 

discriminate between levels of clumping, but also 

indicate if clumping patterns are stable with respect to 

resolution. 

2.5. Multi-resolution analysis  

 Burned areas can be detected from satellite 

imagery. Given that our data have a very fine 

resolution (≈1m), we can aggregate them to derive 

coarser resolution transects (the grey levels discussed 
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earlier in the paper) for a range of resolutions of 

interest in remote sensing. Any algorithm for burned 

area mapping requires that at least a given fraction of 

the area of a pixel produces a signal that is associated 

with the effect of fire. In our study, the corresponding 

threshold is simply the proportion p of 1s beyond 

which a box of size r is classified as unburned (i.e. as 

part of a patch). For a given resolution r and a given 

threshold p, each of the N(r) boxes is classified as 

unburned if the number of 1s in the box is higher than 

pr. From the resulting binary classification we can 

compute different metrics that depend both on 

threshold and resolution. We consider four metrics: 

distance between centres of adjacent patches and gaps, 

measured in meters (i.e. the scale of pattern according 

to Dale (2000)), the average size of patches (m), patch 

density (average number of patches per km), and 

overall proportion of patches (i.e. the proportion of the 

overall length of transects that is classified as 

unburned).  

3. Results  

3.1. Autocorrelation 

To ensure sufficient diversity of transects we only 

computed autocorrelations up to lags smaller than the 

length of fourth longest transect. Figure 5 shows 

autocorrelation as a function of lag for all transects 

grouped either in the EDS or LDS. There was a strong 

autocorrelation (>0.6) between immediate neighbours. 

Autocorrelation approached zero and its absolute 

value remained lower than 0.2 for all lags above 

170m. The figure also shows that the autocorrelation 

approaches the 0.2 amplitude band around zero earlier 

for LDS (when the lag is approximately 50m), 

suggesting that fire patterns for this season form 

smaller independent units than in the EDS. 

 

 

Fig.5. Spatial autocorrelation as a function of the lag 

distance for all transects grouped by EDS and LDS. A 

correlation value between -0.2 and 0.2 (indicated by the 

horizontal curves) is associated to a coefficient of 

determination lower than 5%.  

3.2. Lacunarity 

Figure 6 depicts the lacunarity profiles for each season 

and reveals that transects aggregated by season are 

clearly not random and exhibit clustered patterns in 

both seasons. Moreover, the lacunarity profile does 

not fluctuate with respect to the resolution, which 

suggests that the pattern structure is stable at varying 

resolutions. The initial different lacunarity values at 

higher resolution are a result of different proportions 

of burned/unburned patches between the EDS and 

LDS.  

 

 

Fig.6. Lacunarity profiles per season (left) EDS-early dry 

season, (right) LDS-late dry season. When aggregated by 

season, lacunarity profiles are well above what is expected 

for random transects of the same length and proportion p of 

1’s, represented by grey areas. Therefore, both aggregated 

patterns exhibit lacunarity typical of clustered transects. 

Lacunarity for r=1 is precisely 1/p, where p is the proportion 

of 1s (unburned cells). Therefore, log10(lacunarity) for r=1 is  

log10(1/.18)=0.75 and log10(1/.09)=1.05. 

3.3. Multi-resolution analysis 

As mentioned earlier, the results in this Section 

depend both on resolution and threshold. A higher 

threshold increases the likelihood of a box being 

classified as a gap (burned area) instead of a patch 

(unburned area). Therefore, the overall proportion of 

patches decreases when the threshold increases. 

However, the relation between the threshold value and 

either the number of patches, or the distance between 

patches and gaps, is not necessarily monotonic 

because when the threshold increases a patch may 

either vanish or instead become fragmented into a few 

smaller patches. 

 First, we evaluated how the scale of pattern 

defined earlier varies with resolution. For the inherent 

resolution (≈1m) the scale of pattern was 12.3m for 

EDS and 12.03m for LDS. This is depicted in Figure 7 

which shows that the average distance between 

patches and gaps grows, as expected, with a decrease 

in the resolution and becomes highly overestimated 

for resolutions lower than the inherent scale of pattern 

(≈1m). This effect is more pronounced in the EDS 

than in the LDS. When the threshold value increases, 

Figure 7 shows that the increase in the scale of pattern 

is regular for resolutions up to 30m and becomes 

irregular (non monotonic) for resolutions of 100m or 

higher.  



77 

 

 

Fig.7. Variation of the scale of pattern with resolution and threshold value. The dots on the left indicate the inherent scale of 

pattern (at resolution 1m). 

The average patch size was 4.84m for EDS fires and 

3.07m for LDS fires at the inherent resolution of ≈1m. 

Figure 8 shows that patch size grows as the resolution 

decreases, in particular for resolutions above 10m. For 

resolutions of 5m or 10m it is stable with respect to 

the threshold, which indicates that patch size is robust 

for that low range of resolutions. For resolutions 

above 100m the average patch size becomes much 

larger and fluctuates with respect to the classification 

threshold.  

 Patch density for the inherent resolution is 37.76 

patches/km for the EDS and 29.06 patches/km for the 

LDS. Figure 9 shows that this metric is clearly 

underestimated for any resolution lower than the 

inherent resolution. A decrease in resolution and an 

increase in threshold value lead to a pronounced 

decrease of the estimated patch density. 

 

Fig.8. Variation of the average patch size (m) with resolution and threshold value. The dots on the left indicate the inherent 

patch density (at resolution 1m). 

Finally, we analysed how the estimated proportion of 

unburned patches varies with resolution and 

segmentation threshold. As indicated earlier, the 

proportion of patches is 18.3% for EDS and 8.9% for 

LDS, at inherent resolution. Figure 10 describes the 

relations found in our data. The first feature that is 

illustrated in Figure 10 is that the amplitude of the 

estimated proportion of patches is lower than 10% for 

the whole range of resolutions (5m and higher), which 

means that the various estimates do not diverge more 

than 10%. The range of thresholds for which the 

estimates are closer to the inherent value is around 

0.25-0.35. For threshold values below that range, there 

is a clear overestimation of the overall proportion of 

patches, and for higher threshold values, the overall 

proportion of patches is underestimated.  

Figure 10 shows that the correct (inherent) patch 

proportion could in principle be obtained from any 

resolution, as long as the threshold would be adjusted 

to the resolution. To further clarify that relation we 

plot in Figure 11 the combinations of resolutions and 

threshold that lead to a correct estimation (i.e. 18.3% 

in EDS, 8.9% in LDS) of the overall proportion of 

patches. As expected, higher resolutions, which tend 

to overlook small patches, require lower thresholds in 

order to obtain a correct estimation of the overall 

proportion of patches. 
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Fig.9. Variation of the patch density (number of patches per km) with the resolution and the threshold value. The dots on the 

left indicate the inherent patch density (at resolution 1m) 

  

 

Fig.10. Variation of the overall proportion of patches (proportion of patches in all transects) with resolution and threshold 

value. The dots on the left indicate the inherent patch density (at resolution 1m). 

Figure 11 describes the ideal trade-off between 

resolution and threshold with respect to classification 

of patches. Since there are only two classes (burned, 

which corresponds to gaps, and unburned, which 

corresponds to patches) the trade-off represented in 

the figure is also optimal with respect to the 

classification of burned areas at different resolutions. 

4. Discussion 

Fire patterns in the tropical savannas of northern 

Australia are not spatially random. Several factors 

affect non-randomness in the formation of unburned 

patches within fire perimeters, such as fuel properties, 

landscape features, and meteorological conditions.  

Areas with higher landscape diversity, rugged 

topography, and lower proportions of flammable 

materials favour the formation of unburned patches; in 

turn, the patchy distribution of fires can lead to the 

patchy distribution of vegetation, animal habitat and 

subsequent fuel loadings (Turner et al., 1994). 

Although our lacunarity curves do not reveal clear 

seasonal differences in fire patterns, Figure 6 suggests 

that the degree of clumping of unburned patches might 

be higher in the EDS. This is in accordance with 

seasonal differences in patchiness observed in our 

collected field data, with unburned patches in the EDS 

being larger and more frequent than in the LDS, as 

illustrated in Figures 8 and 9. Under milder fire 

weather conditions typical of the EDS (lower 

temperatures and higher humidity), fires will be 

patchier since a large fraction of the landscape will not 

burn. In the LDS most of the landscape may burn 

because fire weather conditions are severe (higher 

temperature, lower humidity and stronger winds) 

resulting in large fires with low patchiness.  

 Spatial autocorrelation analysis is useful for 

predicting the existence of an unburned patch based 

on the unburned extent of its neighbour. In this study 

there was no predictive power above 50m for the 

LDS, or 200m for the EDS, when patches start to be 

independent. The estimated scale of pattern did not 

exhibit seasonal differences as captured by the other 

metrics analysed. This can be explained by the fact 

that, the occurrence of an unburned patch, regardless 
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of its size, implies the interruption of a (burned) gap, 

which is split into smaller segments. The fact that 

LDS has smaller patches but a similar scale of pattern 

than EDS indicates that patches are well distributed in 

the study area in both seasons, i.e. fire patterns are 

similarly fragmented, although the patch size is larger 

in the EDS. This is consistent with our finding 

regarding lacunarity, which show that EDS and LDS 

fires have similar structure. 

 

 

Fig.11. Trade-off between resolution and threshold that lead 

to the correct estimate of the overall proportion of patches 

(0.18 in EDS, 0.09 in LDS, and 0.15 for both). The 

resolutions are represented on a logarithmic scale. 

 Multi-resolution analysis of fire patterns was 

successfully performed using the gliding box 

algorithm (also used in lacunarity analysis) and 

allowed an assessment of the differences in burned 

area mapping accuracy expected from different 

sensors for burn spatial patterns observed in the field. 

We verified that unburned areas are more prone to be 

overlooked than burned areas at coarser resolutions. 

Of the satellites commonly used to map burned areas, 

none could identify unburned patches at the scale 

identified in this study. The amount of information 

lost increases as the resolution decreases; patch size 

becomes highly overestimated with a decrease in 

resolution, while patch density is clearly 

underestimated. This effect is more pronounced in the 

EDS due to the higher frequency and length of 

unburned patches, and consequent proximity between 

them. These results are in agreement with Price et al. 

(2003), who observed that, due to the small size of 

many unburned patches, fires are actually much 

patchier than satellite-derived maps indicate.  

 Classification segmentation thresholds have a 

strong impact on burned area mapping accuracy. 

Definition of a low burned area fraction threshold 

overestimates the proportion of patches, while setting 

a high threshold underestimates it. The results of this 

study allowed for the definition of an optimal 

threshold domain, between 0.25 and 0.35, for which 

the correct (inherent 1m) patch proportion could be 

obtained for any sensor resolution. Currently burned 

area mapping in northern Australia is mostly 

undertaken using Landsat TM with a resolution of 

30m. An approximation to the fine-scale resolution 

observed in the field could be obtained from Landsat 

TM if the classification threshold was set in the 

proximity of 0.34. Our results also showed that patch 

size is still reasonably stable at 30m resolution, 

although slightly overestimated, when compared to 

the inherent resolution. However the estimation of 

patch density is more than 5 times lower at Landsat 

resolution than at inherent resolution.   

 In ecological studies, it is important to accurately 

estimate not only the burned area but also the density 

and size of the unburned patches. For example, in 

northern Australia, the fire-sensitive Callitris 

intratropica, a long-lived obligate seeder, is currently 

declining because it has low dispersal ability and the 

rate of recolonisation depends on the size of unburned 

patches (Bowman and Panton 1993).  The regional 

rainforest tree dominant, Allosyncarpia ternaya, is 

another example where survival depends on the size of 

unburned patches, because its seedlings have only 

been recorded beneath the canopy of mature trees 

(Bowman, 1994). Management-imposed fire regimes 

should be dominated by patchy fires that maintain 

enough large unburned patches throughout the 

landscape for fire-sensitive plant species to 

successfully recruit (Russell-Smith, 2006; Trauernicht, 

2013). The tendency of patches to clump, revealed by 

lacunarity analysis, may facilitate inter-patch 

dispersal, even in species with low dispersal ability, 

and access to a larger unburned area will enhance 

recolonisation rate. Our transect data showed that 

almost all fires were patchy to some degree, favouring 

persistence of even poorly dispersed plants. However, 

when these data were scaled up to emulate various 

remote sensors, estimated patchiness decreased 

substantially and, for resolutions 250m and lower, and 

for LDS assessments, estimation dropped to zero for 

thresholds above 0.5. This highlights an important 

consideration that managers must make when deciding 

on data collection methods, or when using burned area 

maps to assess plant/animal survival. For example, if 

managers use a burned area map with 250m resolution 

showing 100% area burned, they will assume that all 

plants were affected by fire when, in fact, some 

patches were left unburned.  

 More accurate burned area estimates sensitive to 

fine scale patchiness will also contribute towards 

improving the estimation of pyrogenic emissions, and 

can be used for assessing the effectiveness of bush fire 

hazard reduction program. For example, targeted EDS 

prescribed burning is currently being applied in 

western Arnhem Land, northern Australia (Price et al., 

2012), to increase patchiness and reduce the area and 

severity of LDS fires. Operational fire management 

can also be improved by a better understanding of 

patchiness, namely regarding personnel deployment 

and safety during a wildfire, as it provides an 
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understanding of how fuel loads are spatially arranged 

and where safe evacuation areas are located.  

 Remote sensing may not always detect patchiness, 

particularly in areas of tropical savannas where there 

are relatively dense tree canopies, where a low 

intensity fire affects only understorey vegetation 

(Allan, 2001, Russell-Smith et al., 2002, Price et al., 

2003), or due to cloudiness and smoke (Boschetti and 

Roy, 2009). But remotely sensed data have the 

advantage of being relatively cheap and systematically 

available at high temporal resolution over large 

geographical areas and inaccessible regions. Transect 

sampling methods used in this study provided an 

efficient assessment of fire patchiness, but this method 

will not be cost effective for very large fires, where 

substantial distances would need to be walked and 

some areas may be difficult to traverse on foot due to 

terrain features. Because unburned patches are 

difficult to spot from the air, ground truthing will 

always be needed. The recent WorldView-2 sensor 

combines 1.1-day revisit and systematic acquisition of 

all land surfaces with a spatial resolution of 0.5m in 

the panchromatic band, and 2m in the eight 

multispectral bands, but it is too expensive for burned 

area mapping of large areas. The forthcoming 

Sentinel-2 satellites, which combine 5-day revisit, and 

systematic acquisition of all land surfaces at 10-20 m 

spatial resolution, with a large number of spectral 

bands, may be more appropriate since the images will 

most likely be free of charge. Therefore, a 

compromise between efficiency of detection and time 

and cost is necessary to allow for more accurate and 

timely mapping of fire patchiness, with benefits for 

biodiversity assessments and greenhouse gas 

estimates. 
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ARTICLE V. SEASONAL DIFFERENCES IN FIRE ACTIVITY AND 

INTENSITY IN TROPICAL SAVANNAS OF NORTHERN AUSTRALIA 

USING SATELLITE MEASUREMENTS OF FIRE RADIATIVE POWER 
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Abstract Earth observation sensors play an important role in quantifying the energy released by 

fires and in capturing their spatial and temporal dynamics. Using estimates of MODIS-derived fire 

radiative power (FRP), we characterized bushfire activity and intensity in the tropical savannas of 

northern Australia by season and vegetation type, over the period 2004-2012. Our results indicate 

that fire activity was especially high in the Northern Territory (45% of the total number of fire 

detections), compared to Western Australia (39%) and Queensland (16%).  Mean daily number of 

fire detections was almost twice as high in the late dry season (August-November) compared to the 

early dry season (May-July). Fire season was bimodal with a first fire activity peak in May and a 

second peak, corresponding to the largest number of fires, in October. Median fire intensity was 

observed to vary between vegetation types and regionally, and was positively correlated with the 

number of fire detections. The median fire intensity was lower for early dry season fires (29 MW) 

than late dry season fires (56 MW).  Quantile regression analyses revealed that fire intensity 

increased throughout the fire season, reaching a maximum in October. A limited number of  fire 

detections was observed during the wet season, including some of high intensity, suggesting that 

time of year alone is not a precise predictor of fire intensity, especially where fuels have 

accumulated for several years. Remote sensing of FRP provides frequent estimates of fire intensity 

over broad areas, allowing the comparison of this key fire behaviour metric across ecosystems and 

throughout the fire season. FRP estimates may also be used to draw inferences regarding fire 

effects, once the complexity and ecosystem-specificity of the relationships between fire intensity 

and fire severity is acknowledged. 

Additional keywords: MODIS.  

 

Introduction 

Remote sensing using Earth observation satellites is 

the most practical means of characterizing the extent 

and impacts of fires across the globe, and has been 

used to monitor fires for more than two decades 

(Matson and Holben 1987; Wooster et al. 2003; 

Pereira 2003; Giglio et al. 2006). Records of detected 

active fires represent the longest term application of 

satellites for fire monitoring. Fires release thermal 

energy, which is propagated in space, and satellites 

can measure the rate of radiant heat output from a fire, 

the Fire Radiative Power (FRP; Kaufman et al. 1996; 

Wooster et al. 2003). It has been shown in small-scale 

experimental fires that the FRP of a fire is related to 

the rate at which fuel is consumed (Wooster et al. 

2005) and can be used to help characterize greenhouse 

gas emissions, allowing for the derivation of daily 

emission rate maps (Wooster et al. 2005; Kaiser et al. 

2009). Active fire detection and FRP data are 

available from (1) the Moderate Resolution Imaging 

Spectroradiometer (MODIS) sensor on board the 

Terra and Aqua polar-orbiting platforms, (2) the 

Spinning Enhanced Visible and Infrared Imager 

(SEVIRI) sensor on the Meteosat geostationary 

satellite, (3) the Geostationary Operational 

Environmental Satellite (GOES), and (4) the Visible 

Infrared Imager Radiometer Suite (VIIRS). The 

MODIS sensor, launched aboard the Earth Observing 

System (EOS) Terra and Aqua satellites on December 

18, 1999 and May 4, 2002, respectively, measures 

FRP globally on a daily basis (Justice et al. 1998; 

Salomonson et al. 2006). MODIS is a multi-spectral 

sensor with 36 spectral bands, ranging in wavelength 

from 0.4 to 14.2 µm (Salomonson et al. 1989). Fires 

are detected at 1km spatial resolution (at nadir) using a 

contextual algorithm that exploits the radiance 

measurements in the 4 µm and 11 µm channels 

(Giglio et al. 2003) and, under ideal conditions, fires 
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of a minimum size of 80-100 m
2
 can be detected 

(Maier et al. 2013).  

 Measurements in several spectral bands are used 

for masking clouds, extremely bright surfaces, sun 

glint, and other potential sources of false alarms that 

can be incorrectly classified as active fires (Giglio et 

al. 2003). In the operational MODIS algorithm, only 

the 4µm channel measurements are used to calculate 

FRP, based on the measured brightness temperatures 

of the fire pixel and its neighbouring surface 

background (Kaufman et al. 1998). Significant 

advantages of MODIS over other sensor systems are 

the high sensor saturation level (500 K; Justice et al. 

2006) and the high radiometric and geometric data 

quality. This makes it possible to use MODIS for 

active fire detection not only during the night but 

during the day time as well. Another advantage of the 

MODIS sensor is that its platforms are in stable orbits 

that do not drift over time. This leads to stable 

observation times and allows for reliable comparisons 

between seasons and between years. As examples of 

the use of FRP, data from MODIS were used to reveal 

the tendency for boreal forest fires to burn less 

intensely in Russia than in North America (Wooster 

and Zhang 2004), and to quantify the amount of 

biomass burned in Australian and Africa (Wooster et 

al. 2003; Roberts et al. 2005, 2011).  

 The impacts of fire on biodiversity and on the 

global carbon cycle are especially important in 

northern Australia, where an annual mean of 19% of 

the 1.9 million km
2
 tropical savannas region (which 

cover 25% of the continental landmass) was fire-

affected, over the period 1997–2005 (Russell-Smith et 

al. 2007). Some areas experience fire every year 

(Williams et al. 2002; Maier and Russell-Smith 2012). 

The wet/dry season climate creates a distinct fire 

seasonality with resultant variability in fire activity 

and intensity, making this by far the most fire-prone 

extensive landscape type in Australia (AGO 2007).  

Substantial seasonal differences in fire line intensities, 

the rate of the energy released from a fire per unit 

length of the burning front usually expressed in kW 

m-1 (Smith and Wooster 2005) and synonymous with 

the term “Byram's fire intensity” (Byram 1959),  have 

been observed under experimental conditions in 

northern Australia (Williams et al. 1998; Russell-

Smith et al. 2003a). Increased fire intensity is 

associated generally with deteriorating fire-weather 

conditions (e.g. increased temperature, lower humidity 

and fuel moisture content, and stronger winds) with 

the progression of the dry season (Gill et al. 1996, 

Russell-Smith et al. 2003b, Russell-Smith and 

Edwards 2006).  

 Fire severity, a measure of a fire´s effect on 

vegetation, is usually lower in May-July (early dry 

season – EDS) and higher in August-November (late 

dry season - LDS; Williams et al. 1998; Russell-Smith 

et al. 2003a; Russell-Smith and Edwards 2006). 

Seasonality is thus used as a predictor of 

severity/intensity for tropical savannas (Russell-Smith 

and Edwards 2006). However, it is important to stress 

that the relationship between fire intensity and fire 

severity is not straight forward. Whereas fire intensity 

is concerned mainly with the rate of heat release and 

the amount and rate of surface fuel consumption, fire 

severity is a product of fire intensity and residence 

time (DeBano et al. 1998) and is often visually 

estimated from field observation of several ecological 

parameters, such as condition and colour of the soil, 

amount of fuel consumed, plant mortality, blackening 

or scorching of trees and shrubs, depth of burn in the 

soil and changes in fuel moisture (Key and Benson 

2006; De Santis and Chuvieco 2009). 

 The objective of this study is to characterize fire 

activity and fire intensity patterns in northern 

Australian savannas over the period 2004-2012. We 

analysed multi-year MODIS-derived FRP detections 

acquired from the Terra and Aqua MODIS sensors, to 

explore relationships between seasonality, number of 

fire detections, and fire intensity, for different 

vegetation types and jurisdictions. 

Methods 

Study area 

This study focused on the Australian tropical savanna 

region (mean annual rainfall 500-2000 mm), at a 

latitude range of 10° to 20° South, encompassing 

northern portions of the jurisdictions of Western 

Australia (WA), Queensland (QLD) and the Northern 

Territory (NT; Fig. 1).  

 

Fig. 1. Location of the tropical savannas of northern 

Australia (grey) and the states of Western Australia (WA) 

and  Queensland (QLD), and the Northern Territory (NT). 

 The climate is characterized by marked rainfall 

seasonality: the wet season, from December to April 

with ~90% of the annual rainfall, and the dry season, 

generally from May to November. Following other 

studies addressing fire seasonality in north Australian 

savannas (e.g. Russell-Smith et al. 2003b; Russell-

Smith and Edwards 2006), we defined the early dry 
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season (EDS) from May to July and the late dry 

season (LDS) from August to November. Daily 

maximum temperatures average above 30°C over the 

year (minimum temperatures ≥ 18°C for WA and 

QLD, and ≥ 21°C for NT, and maximum temperatures 

≥ 33°C for WA and QLD, and ≥ 33°C for NT, in 

coastal regions; Figure 2). The coolest temperatures 

are experienced along the coast, increasing from north 

to south. Relative humidity decreases away from the 

coast ranging from 30-70%, and even during the peak 

fire period, remains relatively high (≥ 40% at 3pm in 

NT and QLD, and ≥ 30% in WA; ≥ 50% at 9am in 

WA, ≥ 60% in QLD, and ≥ 70% in NT). These 

climatic conditions are conducive to rapid 

development of grassy fuels following a fire event 

(Williams et al. 2002).  

 Vegetation cover is primarily eucalypt-dominated 

open forest, open woodland, and woodland savanna 

(Fox et al. 2001), with vegetation structure related to 

seasonal moisture availability and drainage (Wilson et 

al. 1990).  Open forests are more common in higher 

rainfall, coastal and sub-coastal regions; woodlands in 

sub-coastal semi-arid regions; and open woodlands, 

with scattered low trees, in lower rainfall regions. 

Grasslands occur on heavy-textured soils and where 

drainage is impeded. Remarkable exceptions are 

rainforests (the Wet Tropics in north Queensland and 

scattered monsoon forests and vine thickets across 

northern Australia), wetland ecosystems, and shrubby 

heath vegetation types occupying rugged sandstone 

formations. Population density is very low (<0.01 

persons km
−2

 outside of towns and settlements) and 

associated infrastructure development is sparse. 

 In most regions, fire regime patterns today differ 

markedly from those under Aboriginal land 

stewardship at the time of European colonisation (late 

18th century) (Russell-Smith et al. 2003b). 

Contemporary fire patterns have significant regional 

implications for biodiversity and soil conservation, 

greenhouse emissions, pastoral production, and 

broader social issues (e.g. Williams et al. 2002; 

Russell-Smith et al. 2003c, 2007; AGO 2007). 

Data 

The global MODIS Collection 5 Active Fire product 

MCD14ML for the period 2004-2012 was 

downloaded from the ftp server at the University of 

Maryland (ftp://fuoco.geog.umd.edu/). These data 

contain the location of the fires, date, time, satellite 

name, latitude, longitude, temperature in the two 4-μm 

channels (numbered 21 and 22), sensor sample 

number, and FRP and confidence level. Active fire 

detections for the Australian tropical savanna region 

were extracted from the global dataset. Fire detections 

were separated by jurisdiction (WA, NT and QLD), 

year and month. Time was converted from UTC to 

local time for each jurisdiction, which implied, in 

some cases, a change in the original day and month. 
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Fig. 2.  Minimum and maximum temperatures (Min T and 

Max T, respectively) and relative humidity at 9am and 3pm 

(RH 9am and RH 3pm, respectively, in a) Kalumburu, 

Western Australia (WA), b) Darwin, Northern Territory 

(NT), and c) Kowanyama, Queensland (QLD) (data 

extracted from www.bom.gov.au). 

 The 48 major vegetation classes in the vegetation 

map associated with the Interim Biogeographic 

Regionalisation for Australia (IBRA) 

(http://www.environment.gov.au/parks/nrs/science/bio

region-framework/ibra/maps.html) were reclassified 

into three broad structural classes, based on the 

percentage of foliage projective cover (FPC, sensu 

Specht 1981): 1) Open Woodlands (OWD), FPC < 

10%; 2) Woodlands (WD), FPC 10-30%; and 3) Open 

Forests (OF), FPC > 30 - < 70% FPC (Fig. 3). Non-

flammable classes (e.g. lakes, sand blows, rock 

pavements, littoral margin communities) were 

excluded from the analysis. 

 

Data analysis 

Over the 9-year observation period, the total number 

of fire detections in the northern savannas of Australia 

was 1 261 746, of which 24.8% occurred in the EDS, 

62.7% in the LDS, and 12.6% in the wet season. The 

number of active fire detections and the median FRP 

were calculated for each jurisdiction by month and 
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Fig. 3. Vegetation structure map for north Australian tropical savannas used in this study. 

 

 

vegetation type. The mean FRP was also calculated to 

allow for comparisons with other studies. The FRP 

data did not follow a normal distribution, and were 

log10 transformed. Two-factor ANOVA for 

unbalanced design was used to investigate 

relationships between seasonality, vegetation type, 

and FRP. 

Quantile regression 

Quantile regression is a type of regression analysis 

that aims at estimating the conditional quantiles of a 

response variable distribution (Koenker and Bassett 

1978). Most regression analysis focuses on estimating 

rates of change in the mean of the response variable 

distribution, which may not be biologically realistic 

and fail to distinguish real changes in heterogeneous 

distributions (Cade et al. 1999). Quantile piecewise 

linear regression estimates rates of change in all parts 

of the distribution of a response variable by joining 

two or more lines at unknown points, called 

breakpoints. These breakpoints correspond to abrupt 

changes that are associated with critical thresholds 

(Toms and Lesperance 2003). 

 In this study we were interested in analysing how 

seasonality affects fire intensity. Quantile piecewise 

regression was used to describe the relationship 

between FRP active fire detections and day of the fire 

season (converted to Julian date) for each jurisdiction. 

Our aim was to identify periods with distinct 

relationships between time and FRP, including finding 

the period of peak FRP. We focused on the rates of 

change in quantiles near the maximum response (i.e. 

95th, 99.5th, and 99.9th quantiles) and we also plotted 

a linear regression to compare a model were the slope 

changes in different parts of the X space with one that 

does not.  All calculations and plots were performed in 

R, using the quantreg package (Koenker 2012). 

Quantreg tests the hypothesis that the slopes of the 

regression lines are equal to zero and reports p-values 

for an F statistic for the different quantiles used.  It 

also has a smoothing, or stiffness, parameter 

governing the number of lines in the piecewise 

regressions. This parameter was manipulated in order 

to generate three to five lines for the dry season time 

series in each year. 

Results 

The lowest number of fire counts was observed in 

March (0.3%) and the highest in October (21%). The 

daily mean number of fire detections was nearly twice 

as high in the LDS compared with the EDS (6481 and 

3397, respectively). A larger proportion of fire 

detections (normalised against the extent of the 

respective jurisdictions) occurred in the NT (45%), 

followed by WA (39%) and QLD (16%). The number 

of normalised fire detections was highest in OF 56%, 

followed by WD (30%), and lowest in OWD (14%). 

 The fire season was markedly bimodal, with the 

first peak in May and the second peak, corresponding 

to the highest number of fire detections, in October, 

then decreasing rapidly (Fig. 4). This bimodality was 

observed for WD and OWD, but not for OF, where the 

number of fire detections steadily increased 

throughout the year, reaching a maximum baseline 

from August to October and then slowly decreasing.   
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Fig. 4. Number of fire detections by month and vegetation 

type. OWD-Open Woodlands, WD- Woodlands, and OF- 

Open forests. 
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 The monthly total energy released, i.e., product of 

the number of active fires by the mean FRP, peaked in 

October for every year except 2006 and 2010, when it 

peaked in November, and 2011, when it peaked in 

September (Fig. 5). The lowest values occurred 

mainly in March, except for 2008 to 2010, when the 

lowest values occurred in February. Total energy 

released was particularly high in 2004, and lower in 

2005, 2008 and 2010. 
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Fig. 5. Time series of monthly total FRP. Longer thick 

marks represent the transition between EDS and LDS. 

 The mean total annual FRP for the tropical 

savanna region over the period 2004-2012 was 

65±107 MW (standard deviation). Mean total FRP 

was lower in the EDS (49±64 MW) than in the LDS 

(73±121 MW). Median total FRP was also lower in 

the EDS (29 MW (Q1: 17 MW; Q3: 56 MW)) than in 

the LDS (39 MW (Q1: 21 MW; Q3: 78 MW)). Fires 

were most intense in OWD (median FRP values of 39 

MW (21 MW; 80 MW)) and least intense in OF (34 

MW (19 MW; 65 MW); Fig. 6). Median fire intensity 

was always highest during the day and lowest during 

the night (Fig. 7). Values were lowest in June in OWD 

and WD, and in March in OF, and higher in October. 

Median FRP values were higher than expected in 

February, due to the occurrence of a few very intense 

fires.  
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Fig. 6. Box plot of the median FRP by vegetation type and 

season: OWD-Open Woodlands, WD- Woodlands, OF- 

Open forests, EDS – early dry season, and LDS – late dry 

season; Error bars=Q10 and Q90. 
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Fig. 7. Monthly median fire radiative power (FRP) with Q25 and Q75 for day-time observations in a) OWD, b) WD, and c) 

OF, and night-time observations in d) OWD, e) WD, and f) OF; Error bars = Q10 and Q90. 
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There was a statistically significant difference in FRP 

observations between season and vegetation type 

(Table 1).  

 
Table 1. Results for the ANOVA between season, vegetation 

type and the interaction between both (season x vegetation). 

 F-value d.f. p-value 

season 18692 1 0.000 

vegetation 7056 1 0.000 

season x vegetation 515 1 0.000 
 

 Monthly median fire intensity was correlated with 

the number of fire detections (R
2
=0.53). The 

regression between number of active fires and 

monthly median fire intensity in QLD was very large 

(R
2
=0.84 (p<0.00002)), but very low for WA and NT 

(p=0.14 and p=0.33, respectively). Considering 

vegetation type, the highest correlation was found 

with OWD (R
2
=0.65), followed by WD (R2=0.52) and 

OF (R
2
=0.51) (Fig. 8), all with significant values at 

the 0.01 level. 

y = 0.2017x + 30.361
R² = 0.651
p = 0.0015
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Fig. 8. Scatter plots of the monthly median fire intensity and 

number of fire detections (in thousands of fires) for a) Open 

woodlands, b) Woodlands and c) Open forests. 

 Quantile piecewise linear regression allowed for 

the identification of seasonal peaks in FRP, 

particularly when looking at the 99.9th percentile (Fig. 

9). Maximum burning intensity was reached at the end 

of October (Julian day 300), in all jurisdictions. In 

WA and QLD, FRP values were very stable in the 

EDS, starting to increase in early September and mid-

August, respectively. On the contrary, in NT, there 

was a higher fluctuation of FRP values that increased 

at the beginning of the EDS, reaching a peak in early 

June, and then slowly decreasing until mid-August 

when values increased again until reaching the second 

peak in October, then decreasing until mid-November 

and then increasing again. This regression analysis 

also showed that the majority of the fires had low 

FRP, and that high values of FRP were more common 

in the LDS than in the EDS. All regressions were 

significant at the 0.05 level. Linear regressions are 

shown to illustrate that they strongly underestimate 

temporal trends present in the data, especially in the 

high range of FRP values. 

Discussion 

Satellite measurements of FRP provide a useful and 

accurate way for quantifying fire intensity. MODIS 

FRP has the advantage of global coverage on a daily 

basis, with no costs for the user and, in contrast to 

other sensors, has dedicated fire channels that rarely 

saturate over vegetation fires. This makes it effective 

for detecting fires in remote, unpopulated regions of 

tropical savannas, where conventional fire monitoring 

is not systematic. However, it is important to stress 

that fire intensity retrieved from satellite data is 

sensitive to satellite temporal and spatial under-

sampling issues, cloud and smoke obscuration and 

failure to detect either cool or small fires (Boschetti 

and Roy 2009). The main advantages of studying fire 

intensity from FRP observations compared to other 

current approaches, such as fire severity mapping are: 

1) it is a direct measure of the energy released by a 

fire and of total fuel consumption, whereas fire 

severity is often estimated indirectly by visual or 

measured field observation of several ecological 

parameters; 2) it is a quantitative measure expressed in 

physical units, whereas post-fire severity is an 

ecosystem specific measure, usually expressed in a 

small number of ordinal severity classes that might be 

hard to compare between different ecosystems.  

 This study showed that fire activity and fire 

intensity in north Australian savannas are strongly 

linked to the highly seasonal climate. The number of 

fire detections was higher in the LDS and showed a 

bimodal pattern with peaks in May and October, 

followed by a steep decrease with the onset of the wet 

season. Such bimodality is congruent with the 

bimodality observed in the regional, long term Forest 

Fire Danger Index (FFDI), as determined by Gill et al. 

(1996) from a local assessment of weather records in 

Kakadu, NT, and also for seasonal observations of fire  
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Fig. 9. Changes in FRP as a function of the burning season 

(May-November) for the period 2004-2012, for Western 

Australia (WA), Northern Territory (NT), and Queensland 

(QLD). Quantile piecewise linear regression analysis was 

used to identify the breakpoints (the Julian date at which 

maximum FRP was attained), with 95th, 99.5th and 99.9th 

percentiles. All the regressions were significant at the 0.05 

level, but linear regressions strongly underestimate temporal 

trends present in the data. 
 

activity in the Kimberly region of Western Australia. 

In the Kimberly region, Vigilante et al. (2004) and 

Legge et al. (2012) attributed the first fire activity 

peak to prescribed burning to reduce the risk of 

uncontrolled fires and burning in pastoral situations, 

and the second LDS peak to wildfires when grasses 

are cured and weather conditions are optimal for fire 

(high temperatures, low humidity, and strong winds). 

However, such bimodality is not pronounced in all 

north Australian regions (SW Maier, unpublished 

data). 

 Almost half of fire detections occurred in the NT. 

In contrast, fewer fires were detected in QLD, which 

is characterized by larger areas of productive soils 

supporting more intensive pastoral management, 

mainly in the south-central and eastern savannas 

(Russell-Smith et al. 2003b). By vegetation type, more 

fires were detected in OF and fewer fires in OWD. 

Fire occurrence in the northern savannas is closely 

related to the productivity / rainfall gradient (Russell-

Smith et al. 2007), and hence it is expected that OF 

and WD would support more fire activity than OWD. 

Moreover, OWD regions support more pastoral 

activity and are much less frequently burnt (Russell-

Smith et al. 2003b) 

 Median fire intensity was higher in the LDS 

compared to the EDS, which is consistent with 

previous field-based studies of fire line intensity (e.g. 

Williams et al. 1998; Hoffa et al. 1999; Russell-Smith 

and Edwards 2006; Russell-Smith et al. 2007). 

Williams et al. (1998) noted that this is related to 

higher levels of fuel accumulation (given significant 

leaf litter inputs), drier fuels, and deteriorating fire 

weather conditions in the LDS. Deciduous trees start 

leaf fall in the EDS, whereas semi-deciduous and 

evergreen trees (including the dominant eucalypts) 

have peaks of leaf fall in the LDS (Wilson et al. 1996; 

Williams et al. 1997). With the progression of the dry 

season, fuel moisture decreases and senescence of 

annual grasses increases as a consequence of 

decreasing soil moisture and relative humidity (Gill et 

al. 1996).  

 Overall, values of mean FRP reported in this study 

(65 MW) are in agreement with other studies in 

tropical savannas (Boschetti and Roy 2009; Maier et 

al. 2013), but higher than those obtained by Giglio et 

al. (2006) for Australian tropical savannas (range 30-

60 MW). However, Giglio et al. (2006) used a 

different fire product (the monthly MODIS Climate 

Modelling Grid, which has a 0.5
o
 spatial resolution), 

the study period was shorter (2001-2005), and 

consequently the number of observations was lower; 

only two years were in common with this study.  

 Fires in the wet season tend to be small and are 

typically ignited by lightning strikes (Russell-Smith et 

al. 2003c). However, in some regions, and in certain 

years, large fires occur in the wet season, particularly 

in more inland regions (Edwards et al. 2001; Allan 

and Southgate 2002).  The same pattern can be 

observed in the EDS, when relatively intense fires 

may occur, especially where fuels have accumulated 

for several years (Murphy and Russell-Smith 2010). 

This may explain high FRP values observed in 

February, in Fig. 7b,c, and d. Thus, as argued by 

Bowman (1988), time of year alone is not necessarily 

a precise predictor of fire intensity. Gill et al. (1996), 

for example, indicate that extreme FFDIs in June can 

be as high as those in September. In some years, 

relatively intense fires occur in the EDS and in some 

years LDS fires may be of relatively low intensity, 

especially if spreading at night under conditions of 

low wind.  

 Median fire intensity was highest in OWD and 

lowest in OF. Grass production generally increases 

with decreasing tree density (Scanlan and Burrows 

1990; Cook 2003). Together with fuel connectivity, 

the very low moisture content and highly aerated 
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nature of cured grasses in very open, sparsely-

canopied OWD makes these systems generally more 

flammable, and therefore grass cover is an important 

driver of fire intensity in northern Australian 

savannas. Conversely, the relative contribution of 

grasses to fuel load is typically less under more 

canopied conditions (Cook 2003; Russell-Smith et al. 

2009), resulting generally in lower fire intensities 

 The seasonal pattern of number and intensity of 

fires has important implications for fire management 

for biodiversity conservation in northern Australia. 

Many species and habitats are susceptible to intense 

fires, such as rainforest patches (Russell-Smith et al. 

2003c) and stands of cypress pine (Callitris 

intratropica; Bowman and Panton 1993). Fire 

management can influence fire intensity through the 

seasonal timing of fire. Because of milder fire weather 

in the EDS, prescribed burning is usually undertaken 

through to the middle of the year. Planning of these 

fires is subject to weather conditions and there is an 

interdiction on prescribed burning on very windy 

days, to avoid uncontrollable and very high intensity 

fires. Price et al. (2012) found that low intensity 

prescribed fires lit in the EDS reduce the area burned 

by high intensity fires later in the year. Our 

quantitative results support and validate the aim of 

targeting prescribed burning in the EDS, and give 

critical information to properly enhance fire 

management with significant mitigating impacts on 

biodiversity values, greenhouse gas emissions and 

climate change research. 
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CHAPTER 4: 

CONCLUSIONS AND FUTURE PERSPECTIVES 

1. Conclusions  

The work undertaken in this thesis has contributed to a better understanding of fire regime components 

in tropical savannas of northern Australia. Two factors strongly affect fire frequency, patchiness, and 

intensity/severity in this ecosystem: 1) the highly variable climate, which is the main factor, with 

marked rainfall seasonality and a dry season from May to November) and 2) fuel load and continuity 

of the herbaceous understorey, the dominant component of the combustible fuel in these areas. These 

two factors are interrelated because climatic conditions influence the growth and availability of 

herbaceous fuel. It is very important to take these findings into account when managing fires. Since 

climate cannot be controlled, reducing fuel load and continuity, to reduce the size and severity of fires, 

through the use of prescribed burning is a key factor. However prescribed burning can only be 

effectively conducted if done at the right time, i.e., at the beginning of the dry season, when 

environmental conditions are less favourable for the occurrence of severe fires. Information on the fire 

regime components and on the major vegetation types affected is critical to improve fire management. 

Fire frequency analysis revealed that fire intervals are very short in Australia savannas. Fire intervals 

are also short in the Brazilian Cerrado with similarities among vegetation types in both tropical 

savannas. Vegetation types with lower tree density, supporting larger understorey fuel loads and a 

continuous fuel bed had the highest fire incidence. At WAL, median fire intervals ranged from one to 

four years and at JSP from three to six years. Both study areas had a fire rotation period of 3 years. 

The discrete lognormal model was found to be the most appropriate for describing fire frequency in 

tropical savannas, and potentially other regions experiencing very high frequency fires. The model 

showed a good fit to the empirical fire interval data and also that age-specific fire incidence was much 

higher for older vegetation patches than was reported by previous studies of fire interval distributions. 

This important finding shows that probability models are more appropriate to characterise the 

variability inherent in fire interval measurements than simple descriptors of central tendency and 
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dispersion. Using the discrete lognormal model for future analysis will help fire managers to make 

inferences for unobserved, longer fire intervals.  

The fire season in Australian savannas was bimodal, with fire activity peaks in May and October. The 

EDS peak is mainly related with anthropogenic fires that are lit to reduce the risk of uncontrolled fires 

in the LDS; the LDS peak is related to a period of optimal fire weather conditions (higher 

temperatures, lower relative humidity and fuel moisture content, and stronger winds). Seasonal 

differences were also found in the other fire regime components studied. Fire patchiness was lower in 

the LDS (shorter and fewer unburned patches) and fire severity, fire intensity, and burned area were 

higher. In the LDS fire weather conditions are more severe than in the EDS, resulting in large 

intensive fires with lower patchiness. Differences among vegetation types were also observed. Fire 

patchiness was higher when fuels were less continuous, as on sandstone substrates, mainly due to 

rockiness, and lowest in open woodlands with a continuous herbaceous cover. Differences in fire 

intensity/severity by vegetation type are related to fuel load and canopy structure, with very open, 

sparsely-canopied structures having low moisture content and highly aerated grasses that make them 

much more flammable. 

As mentioned above, the major components of the fire regime are interconnected: in general, the 

greater the fire severity the greater the fire intensity and the number of fires and the lower the 

patchiness. The fire management program initiated in WAL in 2005 is an example of how burning in 

the EDS can considerably reduce the burned area in the LDS, and decrease fire intensity and severity. 

The quantitative results obtained in this study support and validate the aim of targeting prescribed 

burning in the EDS and concur with previous findings that contemporary fire regime in tropical 

savannas is likely to be incurring significant negative impacts on regional biodiversity, such as fire-

sensitive species.  

Remote sensing was a very important tool in this study, providing satellite-based burned area maps 

covering WAL and JSP, and measurements of fire intensity for the tropical savannas of Australia. 

Remote sensing was the only practical way to systematically obtain fire data for these large 

geographical areas and, especially, for areas of low accessibility (in WAL for instance, some areas are 

only accessible by helicopter). These data were easy to manipulate using computer software and easy 

to combine with other geographic spatial data in a GIS, such as vegetation structure maps. However, 

satellite based burned area maps can have classification errors (e.g. fire scars can be confused with 

other phenomena such as sparse vegetation areas or rocky surfaces) and the resolution is too coarse to 

recognize small fires or the small unburned patches within a burned area, at a relevant scale for some 

plants and animals. Fire intensity retrieved from satellite data is not always precise and is sensitive to 

temporal and spatial under-sampling issues (e.g. clouds, smoke). Considering that fires in tropical 

savannas are mainly grassfires, fires burning under more closed canopy structures may not be detected 
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or have lower intensity values than would be measured in-situ. Collecting in-situ transects was crucial 

in this study to assess fire patchiness, because unburned patches are difficult to spot from satellite 

images, and it is of particular importance in areas of tropical savanna where there is a risk of localised 

extinction of plants sensitive to adverse fire regimes.  

The results of this study show that unburned areas are more prone to be overlooked than burned areas 

for coarser resolution sensors, and that the amount of information lost regarding fire patterns increases 

as the resolution decreases. A sensible choice of a classification segmentation threshold for burned 

area mapping, depending on the resolution, can lead to converging estimates of overall burned areas 

for different sensors. More accurate burned area maps will give critical information to properly 

enhance fire management, with significant impacts on biodiversity, greenhouse gas emissions and 

climate change investigation. Further research is necessary to enhance remote sensing capabilities; yet 

the data they currently provide warrants their continued use and data capture for future use. Remote 

sensing is an indispensable tool for fire research and management that can be combined with other 

methods of data collection, to overcome some of its limitations, contributing to enhanced 

understanding of fire regimes. 

2. Future perspectives 

One of the least studied components of fire regimes that deserves more attention is fire patchiness. 

Current burned/unburned fire perimeter maps imply loss of information regarding the spatial pattern 

and magnitude of fire effects. The calibration of remote sensed images to give a more accurate 

estimate of the percentage of the landscape that is burned, taking into account internal patchiness, is an 

important requirement for improving fire management, estimates of pyrogenic greenhouse gas 

emissions and fire impacts on biodiversity. The use of image classification techniques to produce 

continuous-interval scaled burned area maps, where each pixel of an image would have assigned a 

proportion of burned, would increase the accuracy of burn area estimates.  

To explore this topic, in addition to the ground data collected and presented in this thesis, aerial 

surveys were conducted in the same study areas, with the objective to record spectra from burned and 

unburned areas. These reflectance data were correlated with site-specific ground data and remotely 

sensed imagery. Unfortunately, the time frame of this thesis did not allow for completion of this 

analysis. It is a topic that deserves further investigation to allow for the implementation, comparative 

analysis and accuracy assessment of continuous-interval scaled burned area maps. 
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