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Welcome from Editor 
 

It is my pleasure to bring to you the compiled papers from the Science Day of the AFAC and 

Bushfire CRC Annual Conference, held in the Sydney Convention Centre on the 1st of 

September 2011. 

These papers were anonymously referred. I would like to express my gratitude to all the 

referees who agreed to take on this task diligently. I would also like to extend my gratitude to 

all those involved in the organising, and conducting of the Science Day. 

The range of papers spans many different disciplines, and really reflects the breadth of the 

work being undertaken, The Science Day ran four steams covering Fire behaviour and 

weather; Operations; Land Management and Social Science. Not all papers presented are 

included in these proceedings as some authors opted to not supply full papers.  

The full presentations from the Science Day and the posters from the Bushfire CRC are 

available on the Bushfire CRC website www.bushfirecrc.com. 

 

Richard Thornton 

November 2011. 

ISBN: 978-0-9806759-9-3 

 

 

 

 

 

 

 

 

 

 

Disclaimer:  

The content of the papers are entirely the views of the authors and do not necessarily reflect 

the views of the Bushfire CRC or AFAC, their Boards or partners.  

http://www.bushfirecrc.com/
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Abstract. 
 Recent advances in the understanding of fire behaviour and the effectiveness of fire 

management techniques present a number of major new challenges for fire and incident 

management. The Forest Flammability Model addresses these challenges by characterising 

fuels with physical measurements of plants rather than indices or approximations. Fuel is 

described as a discontinuous array of fuel elements with spaces that must be crossed by fire 

for new fuels to become available. The implications of this are that fire behaviour can change 

very rapidly with even minor changes in factors such as slope or wind speed, and that 

vegetation can also act to slow fire spread by reducing wind speed or maintaining more 

moist fuels. The Forest Flammability Model quantifies these effects, providing improved 

accuracy in fire behaviour forecasts and identifying new options for fuel management that 

take into account the effect of forest structure and seral stages on fire spread and intensity.  

 

Additional keywords: Fire behaviour, fuel management, prescribed burning, fire ecology, 

Forest Flammability Model, climate change 
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Introduction 
Recent work quantifying the effectiveness of fuel treatments for reducing the impact of fire in the 

landscape has identified the need to re-examine our understandings of the fire-fuel relationship. 

Loehle (2004) quantified the assumed effectiveness of prescribed burning via the modelling of 

‘leverage’ - the relative reduction in wildfire area for each unit area of prescribed burning. Assuming 

that fuel reduced areas would not re-burn; each treated cell was found to protect an area in its 

‘shadow’, so that strategically placed prescribed burns produced a leverage of 11 cells protected for 

each cell treated - a leverage factor of 11. In this sense, prescribed burning could be described as 

burning a small area to protect a large area and therefore clearly an effective tool for risk 

management. When the assumed effectiveness of such burns was compared to actual 

measurements however, the reality was sobering. In the largest such study to date, Boer et al (2009) 

found that the leverage for a prescription burnt area of SW Western Australia was only 0.25. 

Although the fuel treatments did have an effect on the size of bushfires, Loehle’s assumed efficacy 

of prescribed burning was up to 44 times greater than the measured reality. Very slightly stronger 

leverage values have been found for forest in the Sydney sandstone (Price and Bradstock 2010), but 

no study has yet identified a forest community where the introduction of prescribed fire has not 

increased the total area burnt each year. This has significant implications for landscape values such 

as catchment management, carbon accounting, smoke production and biodiversity, as well as for the 

protection of built structures. Leverage does not account for reductions in fire severity or intensity, 

but as the leverage was measured from a site where active fire suppression also took place, this 

value of 0.25 indicates that on average, unplanned fires were of sufficient intensity that suppression 

efforts were unable to contain them over three quarters of any prescription-burnt area. 

Although leverage studies do provide an objective measure of prescribed burn efficacy, the practice 

of contrasting ‘young’, recently burnt fuels with ‘old’ long unburnt fuels is fundamentally flawed. The 

premise for this is the fuel-age paradigm (Zedler and Sieger 2000) - an assumption that forest 

flammability increases with age. In their examination of prescribed burn efficacy, Fernandes and 

Botelho (2003) found that “…post-treatment recovery can be so fast that fuel management may be 

futile or even counter-productive in some fuel types” and that it “leads to the conclusion that the 

fuel/age paradigm is a simplification, and that the hazard reduction effectiveness of prescription 

burning will vary by ecosystem (or fuel type) and according to the relative impacts of fuels and 

weather on fire behaviour.” If this is the case, it becomes clear that the leverage when measured 

across a landscape is likely to be an average of areas where prescribed burns were more effective 

along with other areas where burns were less effective or counter-productive. If the efficacy of 

prescribed burning can be identified for specific forest communities then, it may be possible to 

improve fuel management in general by utilising prescribed fire where it is most effective, and by 

using other approaches where it is ineffective or counter-productive. 

Fundamental to achieving this is the way that the relationship between fine fuels and fire behaviour 

is understood. McArthur (1967) asserted that fuel load and rate of spread were directly related, so 

that halving the fuel load would result in a halving of fire spread rate. This concept that the weight of 

fuels determines the flammability of a forest remains a dominant view across Australia, repeatedly 

reaffirmed in popular literature (e.g. McCaw et al 2008, Attiwill et al 2009) and providing theoretical 

justification to the fuel age paradigm. The reality is however that successive peer-reviewed studies 

since the 1940’s have consistently demonstrated that no such relationship exists (Fons 1946, Fang 

and Steward 1969, Wolff et al 1991, McAlpine 1995, Burrows 1999), that is, that fuel load and head 
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fire rate of spread are unrelated or have such a weak relationship as to be unworthy of consideration 

in fire behaviour modelling. As surface fine fuels typically increase following the same negative 

exponential pattern regardless of forest type (e.g. Hamilton 1964, McColl 1966, Ashton 1975, 

Hutchings and Oswald 1975, Raison et al 1986, Burrows & McCaw 1990, McCaw 1997, Gould et al 

2007), any attempt to reduce flammability premised on the goal of reducing the fuel load therefore 

imposes an identical view of flammability dynamics across all forests; a view which runs counter to 

the empirical evidence and has been demonstrated to be significantly less effective than expected. If 

fuel management is to be made more effective then, it is critical that an evidence-based 

understanding of the fuel-flammability relationship is adopted so that the different dynamics between 

ecosystems can be identified and quantified.  Effective fuel management requires that we no longer 

see Australian forests as just “the bush” with one management tool to fit all. This is consistent with 

Australia’s history of Indigenous fire management, which was characterised by specific approaches 

in different environments (Zylstra 2006a, 2011a).  

The Forest Flammability Model 
The Forest Flammability Model (FFM, Zylstra 2011a) was developed in response to this need as part 

of the Bushfire CRC fuel and risk management studies (Zylstra 2009). The FFM adopts a semi-

physical approach to modelling fire behaviour that examines the interactions between fire and all 

potential fuels in the array using a dynamic, complex systems approach based primarily on 

convective heat transfer in the context of forest geometry and the principles of flammability (Gill and 

Zylstra 2005). Surface fuels are treated as the baseline stratum for fire spread, providing a ‘pilot 

flame’ which is modelled using Burrows (1999) empirical surface spread model. The trajectory for the 

convective plume is based on flame length and wind speed (Van Wagner 1973), with limits imposed 

by geometrically calculated blocking effects on air entrainment due to slope. Potential fuels in the 

higher strata are exposed to a temperature which decreases along the plume according to Weber et 

al (1995), based on distances defined by the geometry of the plants. Ignition of new fuels occurs if 

the ignition delay time (Anderson 1970) of the leaves is exceeded by the flame duration, where 

ignition delay time was modelled (R2 = 0.90) across multiple species based on temperature, leaf 

thickness and moisture content using the experimental procedure of Gill and Moore (1996). Flame 

duration for surface fuels was based on Burrows (2001), and modelled across species for foliage (R2 

= 0.74) based on leaf moisture and cross-section area. The depth of ignition into the exposed foliage 

was determined iteratively for a one-second time step, then the new flame length calculated from the 

existing flame minus any expired flame and with new burning leaves added. The length of flame from 

burning leaves was modelled (R2=0.83) across species based on leaf surface area, and the methods 

for this and flame duration experiments are described in Zylstra (2006b). Flames burning in close 

proximity were merged to produce a longer flame due to blocked air entrainment and heat feedback 

(Thomas, 1963, Thomas et al 1965, Huffman et al 1967, Steward 1970, Chigier and Apak 1975, 

Tewarson 1980, Gill 1990, Heskestad 1998, Weng et al 2004, Liu et al 2009). The increased flame 

length was modelled due to lateral effects using Gill (1990), and due to longitudinal effects using 

Mitler and Steckler (1995). 

This approach has the advantage of being grounded in observable, physically explicable 

phenomena, and demonstrates that the characteristics of fire behaviour are determined as much by 

the spaces between fuels as they are by the quantity of fuels. Although the forest from floor to 

canopy may contain an enormous quantity of potential fuel, if fire is unable to bridge gaps between 

strata, then the higher fuels are unavailable. Significantly however, unavailable fuels still affect fire 
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behaviour by determining the ‘fuel environment’. Foliage in higher strata directly affects the 

probability of fire occurrence and the behaviour of fire in dead surface fuels by shading those fuels 

and thereby affecting the temperature, moisture content and drying rates (e.g. Van Wagner 1969, 

Viney 1991, and Matthews 2006). Even more significantly, the density and height of foliage in these 

strata directly reduces the wind speed at lower levels (McArthur 1962, 1966, Cionco et al 1963, 

1972, 1978, Albini 1981) so that flames in the lower strata are more upright and convective heat is 

directed upward rather than forward, slowing fire spread. Rather than subjectively applying wind 

reduction factors as per McArthur (1962, 1966), the ‘canopy flow index’ in the model of Cionco et al 

(1963) was developed, extending work by Greene and Johnson (1996) and Wang and Cionco (2007) 

so that the speed of wind can be calculated for any point in the vertical profile of a fuel array based 

upon the dimensions and leaf area index of fuels above that point. 

The FFM has received some validation to date (Zylstra 2011a), demonstrating lower mean absolute 

errors than earlier empirical models for both rates of spread and flame heights (table 1).  Although 

this has provided statistically significant improvement in some cases, further validation is ongoing to 

identify specific strengths and weaknesses. 

Implications for fuel and risk management 
The implications of the FFM for fuel management are primarily that the focus is shifted from reducing 

fuel quantity to managing the fuel structure and environment. Because fire is a complex system, 

finding widespread rules to achieve these goals is not simple as changes in one area may produce 

positive or negative feedbacks to other areas. For example, a sensitivity analysis of the model 

(Zylstra 2011b) which considered both mature and regrowth Alpine Snowgum (Eucalyptus 

niphophila, figures 1 & 2) found that elevated levels of dead material in the shrub strata increased 

the mean rate of spread in the mature forest, but slowed fire spread in the regrowth forest. Dead 

material is generally drier than live material and therefore burns more readily producing greater 

flame lengths and consequently more upright flames. In mature forest this increased the incidence of 

active crown fires, where loss of crown foliage facilitated access of wind to the lower strata. In 

regrowth forest however, the absence of a tree canopy removed this influence, so that the more 

upright flame simply reduced the forward transfer of convective heat.

Table 1. Mean absolute error for the FFM in comparison with three empirical models (from 

Zylstra 2011a). Models were tested against eight fires ranging from low to extreme intensity to 

assess rates of spread, and against 10 fires of low to extreme intensity to assess flame 

heights. Significance was assessed using a paired t-test to determine whether the error 

margin in the model was higher than that of the FFM. 

 RATE OF SPREAD FLAME HEIGHT 

MODEL Mean 

error 

 Significance Mean error  Significance 

McArthur (1962) 287%  N.S. 111%  N.S. 

McArthur (1967) 843%  95.0% 528%  95.0% 

Gould et al 

(2007) 

349%  90.0% 106%  N.S. 
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FFM 69%   46%   

 

Figure 1. Six year-old regrowth Snowgum forest 

 

Figure 2. Long unburnt (50 year-old) Snowgum forest 
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In order to overcome such complexities, the FFM can be used to develop age-flammability 

profiles which examine typical weather conditions for a site, considering the changes that are 

expected based on the known post-fire succession of the community.  Such an analysis of the 

Snowgum community (Zylstra 2011a) identified three stages in the regrowth of the forest – young 

fuels with low rates of spread and flame heights for the first few years following the fire, a 

regrowth phase of heightened flammability and a long lasting mature phase where rates of 

  

Figure 3. Mean summer flame height 

modelled for one summer in Snowgum forest 

on a 17 degree slope. Source:  (Zylstra 

2011a) 

Figure 4. Mean summer rate of spread 

modelled for one summer in Snowgum forest 

on a 17 degree slope.  Source:  Zylstra 

(2011a) 

 

  

Figure 5. Mean summer spotting distance 

modelled for one summer in Snowgum forest 

on a 17 degree slope. Source:  (Zylstra 

2011a) 

Figure 6. Percentage of a summer where 

direct and parallel attack methods are 

expected to fail, modelled for one summer in 

Snowgum forest on a 17 degree slope. 

Source:  Zylstra (2011a) 

Mean summer Flame height

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 10 20 30 40 50

Time since fire (years)

F
la

m
e
 h

e
ig

h
t 

(m
)

Mean summer ROS

0.0

0.5

1.0

1.5

2.0

2.5

0 10 20 30 40 50

Time since fire (years)

R
O

S
 (

k
m

/h
)

Mean summer spotting 

distance

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 10 20 30 40 50

Time since fire (years)

D
is

ta
n

c
e

 (
k

m
)

Mean summer attack failures

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 10 20 30 40 50

Time since fire (years)

F
a

il
u

re
 r

a
te

Direct attack

Parallel attack



Philip Zylstra: Rethinking the fuel – fire relationship 
 

Page | 93  R.P.Thornton (Ed) 2011, ‘Proceedings of Bushfire CRC & AFAC 2011 Conference Science Day’ 1 September 2011, 

Sydney Australia, Bushfire CRC  

 
 

spread and frequency of attack failure rapidly decreased to very low levels but mean flame 

heights and spotting distances declined more gradually (figures 3 to 6). This pattern was similar 

to that observed in the Dee Vee study as part of the Project Vesta experiments (Gould et al 

2007, McCaw et al 2008), but was more pronounced and determined primarily by the proximity of 

the regenerating canopy to the lower fuels and its capacity to remain unburnt and thereby reduce 

wind speeds at the lower fuels. The sensitivity analysis (Zylstra 2011b) found that across six 

different communities, the capacity for midstorey and canopy foliage to slow wind speeds at 

lower levels was by far the most influential factor determining the flammability of a forest. 

 

The differences in these responses highlight three important points: 

If fuel structure and environment are considered, the fuel-age paradigm does not necessarily 

hold true; that is, flammability may actually decrease with time since fire in some circumstances. 

Effective fuel management should focus primarily on the way that treatments influence fuel 

structure and environment over time. 

Different aspects of fire behaviour do not necessarily correlate with each other. Effective fire 

management should identify the specific fire behaviour outcome desired (e.g. reduced flame 

height or increased direct attack success) and target management to the fuel age that will best 

achieve this. 

Effective fuel management needs to be decisive. Either very frequent fire or active fire exclusion 

would have achieved similar outcomes for rates of spread for example, but a compromise 

frequency (e.g. every ten years) would only serve to maintain the forest at its most flammable 

stage. It should be noted that very frequent fire may have other effects that are not captured 

here; for example whether planned or unplanned, fire promotes topsoil loss (Smith and 

Dragovich 2008) which can result in a shift from grasses toward shrubs in this environment 

(Wimbush and Costin 1979, Williams 1992), which will in turn affect the flammability. Such 

decisions need to be grounded in quantitative risk assessment so that the actual costs and 

benefits are compared objectively. 

By including multiple aspects of plant and forest structure and physiology, the FFM provides a 

mechanism by which the effects of external environmental influences on bushfire risk can also be 

better quantified. The moisture content of some plant species for example is heavily influenced 

by temperatures averaged over the preceding week, while other species respond primarily to soil 

moisture (Zylstra 2011a). The influence of a hot day following a protracted heatwave compared 

to that of an isolated event can therefore be compared directly, or contrasted with the effects that 

drought has on fire behaviour through the drying of different plant species. Changes in 

temperature and atmospheric CO2 levels also affect features such as leaf dimensions and the 

capacity of some plants to grow in shaded areas (Ashton 1975, Ashton and Turner 1979), and 

the occurrence of heavy frosts imposes limits to the distribution of some species (Newman 1954, 

Moore and Williams 1976). These factors are observably changing as a result of anthropogenic 

global warming (Rosenzweig et al 2007) and the FFM provides a tool by which the impact of 

such changes can be modelled. Increased temperature for example may result in the earlier 

seasonal growth of large leaves in some species (Ashton 1975). This may in turn increase the 

flammability of a forest as longer leaves produce larger flames (Zylstra 2006b, 2011a), or may 
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decrease flammability by providing more shade (Matthews 2006) and reduced wind speed in 

lower plant strata (Cionco 1972). As these factors are part of a complex system of feedbacks and 

interactions, it is impossible to predict the outcome without careful modelling and it certainly 

cannot be addressed with a simplistic attention to fuel load.  

Existing responses 
The over-simplification of the fuel load argument has been partly recognised through industry 

tools (Hines et al 2010), which consider some aspects of fuel structure such as shrub density 

and assign different weightings to fuels in different strata. Major structural and environmental 

feedbacks such as canopy density and separation from lower strata are not captured however, 

so the overall effect is still the consideration of fuel load, albeit weighted by its location in the 

array.  While Hines et al (2010) does not provide a connection between fuels and fire behaviour, 

Gould et al (2007) used a similar approach to differentially weight fuels in three different strata 

using two fuel load parameters and two wholly structural parameters, and provide a fuel-fire 

connection. This has produced large improvements in predictive accuracy compared to McArthur 

(1967, Table 1). Canopy separation from lower strata is partially inferred by the inclusion of shrub 

height; however without consideration of other critical structural and environmental effects as 

outlined earlier the model is also unlikely to identify major discrepancies from the fuel-age 

paradigm.   

 

In applied risk management applications, fuel load is still very frequently the sole determining 

factor. Under Australian Standard AS 3959_2009, specific issues of risk management around 

built structures are still assessed on fuel load alone, as are some other tools currently being 

developed to determine optimal placement and extent of prescribed burning in the landscape for 

likelihood assessments (e.g. Tolhurst et al 2009). Bushfire threat at the urban interface is 

currently being re-examined using the FFM (Zylstra 2011c) as part of the Bushfire CRC Fire 

Impact and Risk Evaluation Decision Support Tool (F.I.R.E_D.S.T) with the intention of both 

improving accuracy of assessments and of informing more effective fuel management. Fuel 

management in the landscape however continues to be informed by tools that do not incorporate 

the major factors of fuel structure and environment such as canopy density and the continuity of 

fuels to the canopy. Consequently, those areas where the introduction of fire may be “futile or 

even counter-productive” (Fernandes and Botleho 2003) cannot yet be effectively identified, 

rendering prescribed burning programs less effective than they could be. 

Model implementation 
The main obstacle to implementation at this stage is the fact that the FFM utilises many more 

fuel inputs than other Australian fire models. This however can be overcome by a shift in 

thinking. The FFM identifies that many factors in the structure and physiology of plants and 

forests work together to affect their flammability, so what is needed is not more intensive fuel 

measurement but better measurement of forests in general. Because the fuel parameters are 

direct measurements rather than subjective scores or visual estimates, all parameters are either 

measurable from herbarium specimens or via remote sensing methods (Zylstra 2011b). Using a 

combination of these methods to produce a central database of static species-specific traits such 

as leaf dimensions along with remotely sensed imagery from either satellite sensors such as 
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QuickBird or airborne sensors such as LiDAR or ADS40 imagery, it may become possible to 

move from a culture of subjective point measurements obtained by labour-intensive field survey 

toward objective landscape-scale measurement. The mean sensitivity of the parameters was 

also very low (0.18, Zylstra 2011b) compared to 1.00 for the McArthur meter, allowing for 

considerable error in measurements.  

Natural variability in forest structure produces variability in fire behaviour, so collection of the 

variability in parameters will allow ensemble modelling of behaviour with statistically defined 

limits. This produces a trade-off between mapping resolution and predictive precision, so that 

finer mapping scales will produce a narrower range of potential outcomes. In this way, the 

desired level of accuracy can be used to determine the mapping resolution needed for an area. 

Conclusions 
Although tools such as the Overall Fuel Hazard Assessment Guide (Hines et al 2010) are 

beginning to increase the focus on fuel structure to some extent, fuel environment and many 

structural elements are not yet considered and the resulting management remains underpinned 

by the fuel-age paradigm. Popular thinking still describes the objective of fuel management as 

fuel reduction rather than optimisation of fuel structure and environment (e.g. Adams & Attiwill 

2011), and tools used for risk assessment such as the AS 3959_2009 and others currently being 

developed to determine optimal placement and extent of prescribed burning (e.g. Tolhurst et al 

2009) remain constrained by McArthur’s modelling of fuel load effects on fire behaviour. Because 

this underlying paradigm persists despite the weight of evidence, fuel management programs 

have very little capacity to identify the forest communities where prescribed burns will be 

effective and where they will not, so that empirical analysis of the effectiveness of these 

programs has demonstrated disappointing results when compared with theoretical expectations. 

More effective fuel management may be achieved by rejecting the assumption that ‘young’ fuels 

are automatically less flammable and instead using an evidence-based approach to identify and 

manage for an ideal age range. As different measures of fire behaviour or risk do not necessarily 

correlate, the priority measures should be identified based upon specific objectives for the 

location and the target age range planned to minimise these. 

To this end, the FFM provides a peer-reviewed and scientifically credible tool for understanding 

and quantifying the complexities involved. By utilising physical measurements of plants, the FFM 

also provides a means to move away from labour-intensive and subjective point-based 

generalisations around fuels so that landscape-scale tools such as remote sensing can be 

adopted.  More complex changes to the risk environment such as through climate change can 

also be treated with the necessary detail and adequately quantified. 

References 
Adams MA, Attiwill PM (2011) Burning issues – sustainability and management of Australia’s 

southern forests. CSIRO Publishing: Vic 

Albini FA (1981) A phenomenological model for wind speed and shear stress profiles in 

vegetation cover layers. Journal of Applied Meteorology 20(11), 1325-1335 

Ashton DH (1975) The seasonal growth of E. regnans F. muell. Australian Journal of Botany 23, 

239-252 



Philip Zylstra: Rethinking the fuel – fire relationship 
 

Page | 96  R.P.Thornton (Ed) 2011, ‘Proceedings of Bushfire CRC & AFAC 2011 Conference Science Day’ 1 September 2011, 

Sydney Australia, Bushfire CRC  

 
 

Ashton DH, Turner JS (1979) Studies on the light compensation point of Eucalyptus regnans F. 

Muell. Australian Journal of Botany 27, 589-607 

Attiwill P, Packham D, Barker T, Hamilton I (2009) ‘The people’s review of bushfires, 2002 – 

2007, in Victoria.’ www.landsalliance.org/download/25  

Boer MM, Sadler RJ, Wittkuhn RS, McCaw L, Grierson PF (2009) Long-term impacts of 

prescribed burning on regional extent and incidence of wildfires – Evidence from 50 years of 

active fire management in SW Australian forests. Forest Ecology and Management 259, 132-142 

Burrows ND (1999) Fire behaviour in jarrah forest fuels. CALMScience 3(1), 31-84 
 
Burrows ND (2001) Flame residence times and rates of weight loss of eucalypt forest fuel 
particles. International Journal of Wildland Fire 10, 137-143 
 
Burrows ND, McCaw WL (1990) Fuel characteristics and bushfire control in Banksia low 
woodlands in Western Australia. Journal of Environmental Management 31, 229-236 
 
Chigier NA, Apak G (1975) Interaction of multiple turbulent diffusion flames. Combustion Science 

and Technology 10(5-6) 219-231 

Cionco RM (1972) A wind-profile index for canopy flow. Boundary-layer Meteorology 3, 255-263 

Cionco RM (1978) Analysis of canopy index values for various canopy densities. Boundary-layer 

meteorology 15, 81-93 

Cionco RM, Ohmsteade WD, Appleby JF (1963) A model for airflow in an idealized vegetative 

canopy. USAERDAA, Fort Huachuca Meteorology Research Notes 5. (Arizona: USA) 

Fang JB, Steward FR (1969) Flame spread through randomly packed particles. Combustion and 
flame 13, 392-398 
 
Fernandes PM, Botelho HS (2003) A review of prescribed burning effectiveness in fire hazard 
reduction. International Journal of Wildland Fire 12, 117-128 
 
Fons WL (1946) Analysis of fire spread in light forest fuels. Journal of Agriculture 27(3), 93-121 
 
Gill AM (1990) Fire behaviour in discontinuous fuels: a contract report to the New South Wales 
National Parks and Wildlife Service. CSIRO Plant Industry: Canberra 
 
Gill AM, Moore PHR (1996) Ignitability of leaves of Australian plants. Contract report to the 
Australian flora foundation. CSIRO: Canberra 
 
Gill AM, Zylstra P (2005) Flammability of Australian forests. Australian forestry 68(2), 87-93 
 
Gould JS, McCaw WL, Cheney NP, Ellis PF, Knight IK, Sullivan AL (2007) Project Vesta – fire in 
dry Eucalypt forest: fuel structure, fuel dynamics and fire behaviour. Ensis-CSIRO, Canberra 
ACT, and Department of Environment and Conservation, Perth WA 

 
Greene DF, Johnson EA (1996) Wind dispersal of seeds from a forest into a clearing. Ecology 

77(2), 595-609 

http://www.landsalliance.org/download/25


Philip Zylstra: Rethinking the fuel – fire relationship 
 

Page | 97  R.P.Thornton (Ed) 2011, ‘Proceedings of Bushfire CRC & AFAC 2011 Conference Science Day’ 1 September 2011, 

Sydney Australia, Bushfire CRC  

 
 

Hamilton CD (1964) The effect of Monterey Pine (Pinus radiate D. Don) on properties of natural 

Eucalyptus forest and woodland soils. M.Sc Thesis, Australian National University, Canberra, 

ACT 

Heskestad G (1998) Dynamics of the fire plume. Philosophical Transactions, Royal Society of 

London 356, 2815-2833 

Hines F, Tolhurst KG, Wilson AG, McCarthy GJ (2010) Overall fuel hazard assessment guide, 4th 

Edn. Fire and Adaptive Management , Report No. 82. Dept. Sustainability and Environment: Vic 

Huffman KG, Welker JR, Sliepcevich CM (1967) Wind and interaction effects on freeburning 

fires. Technical Report, Defense Technical Information Centre: USA 

Hutchings PT, Oswald KM (1975) Litter fall and litter accumulation in eucalypt forests of the 

Australian Capital Territory. In ‘Proceedings of the 3rd Australian Specialist Conference in Soil 

Biology’. (Adelaide: SA) 

Liu N, Liu Q, Lozano JS, Shu L, Zhang L, Zhu J, Deng Z, Satoh K (2009) Global burning rate of 

square fire arrays: experimental correlation and interpretation. Proceedings of the Combustion 

Institute, 32(2), 2519-2526 

Loehle C (2004) Applying landscape principles to fire hazard reduction. Forest Ecology and 
Management, 198, 261-267 
 
Matthews S (2006) A process-based model of fine fuel moisture. International Journal of 
Wildland Fire 15, 155-168 
 
McAlpine RS (1995) Testing the effect of fuel consumption on fire spread rate. International 
Journal of Wildland Fire 5(3), 143-152 
McArthur AG (1962) ‘Control burning in eucalypt forests.’ Commonwealth Australia Forestry 

Timber Bureau Leaflet 80, Canberra 

McArthur AG (1966) ‘Notes on fire behaviour in eucalypt forests.’ Commonwealth Australia 

Forestry Timber Bureau Report produced for NSW NPWS, Canberra 

McArthur AG (1967) Fire behaviour in Eucalypt forests. Forestry and Timber Bureau Leaflet 107, 

9th Commonwealth Forestry Conference¸ India 

McCaw LM (1997) Predicting fire spread in Western Australian mallee-heath shrubland . PhD 

thesis, University of New South Wales, Canberra 

McCaw WL, Gould JS, Cheney NP (2008) Quantifying the effectiveness of fuel management in 

modifying wildfire behaviour. Proceedings ‘Fire Environment and Society’15th AFAC Conference”. 

(Adelaide,SA) 

McColl JG (1966) Accession and decomposition of litter in spotted gum forests. Australian 

Forestry 30, 191-198 

Mitler HE, Steckler KD (1995) Spread – a model of flame spread on vertical surfaces. NISTIR 

5619. Building and Fire Research Laboratory, U.S. Department of Commerce, Gaithersburg: MD 



Philip Zylstra: Rethinking the fuel – fire relationship 
 

Page | 98  R.P.Thornton (Ed) 2011, ‘Proceedings of Bushfire CRC & AFAC 2011 Conference Science Day’ 1 September 2011, 

Sydney Australia, Bushfire CRC  

 
 

Moore RM, Williams JD (1976) A study of a subalpine woodland-grassland boundary. Australian 

Journal of Ecology 1, 143-153 

Newman JC (1954) Burning on subalpine pastures. Journal of Soil Conservation Service NSW. 

10, 135-40 

Price O, Bradstock RA (2010) The effect of fuel age on the spread of fire in sclerophyll forest in 

the Sydney region of Australia. International Journal of Wildland Fire 19: 35-45 

Rosenzweig C, Casassa G, Karoly DJ, Imeson A, Liu C, Menzel A, Rawlins S, Root TL, Seguin 

B, Tryjanowski P (2007) Assessment of observed changes and responses in natural and 

managed systems. Climate Change 2007: Impacts, adaptation and vulnerability. Contribution of 

Working Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate 

Change (eds. ML Parry, OF Canziani, JP Palutikof, PJ van der Linden, CE Hanson), pp. 79-131. 

Cambridge University Press, Cambridge 

Smith, H.G., Dragovich, D. (2008) Post-fire hillslope erosion response in a sub-alpine 

environment, south-eastern Australia. Catena, 73(3), 274-285 

Steward FR (1970) Prediction of the height of turbulent diffusion buoyant flames. Combustion 

Science and Technology 2(4), 203-212 

Tewarson A (1980) Heat release rate in fires. Fire and materials 4, 185-191 

Thomas PH (1963) The size of flames from natural fires. ‘Ninth symposium (International) on 

combustion’. pp 844-859. (Academic: NY) 

Thomas PH, Baldwin R, Heselden AJM (1965) Buoyant diffusion flames: some measurements of 

air entrainment, heat transfer and flame merging. ‘Tenth symposium (International) on 

combustion’. pp 983-996. The combustion institute 

Tolhurst KG, Chong DM, Ackland A (2009) Assessing and evaluating bushfire management 

options in the rural-urban interface using PHOENIX-RapidFire. 

http://knowledgeweb.afac.com.au/research/fire_management/documents/Program_A_-

_Kevin_Tolhurst.pdf 

Van Wagner CE (1969) Combined effect of sun and wind on surface temperature of litter. 

Canadian Forest Service Information Report PS-X-10. Petawawa Forest Experimental Station, 

(Chalk River, Ontario) 

Van Wagner CE (1973) Height of crown scorch in forest fires. Canadian Journal of Forest 

Research 3: 373-378 

Viney NR (1991) A review of fine fuel moisture modelling. International Journal of Wildland Fire 

1(4), 215-234 

Wang Y, Cionco R (2007) ‘Wind profiles in gentle terrains and vegetative canopies for a three-

dimensional wind field (3DWF) model.’ Army Research Laboratory, Report ARL-TR-4178. 

Adelphi: Maryland 

http://knowledgeweb.afac.com.au/research/fire_management/documents/Program_A_-_Kevin_Tolhurst.pdf
http://knowledgeweb.afac.com.au/research/fire_management/documents/Program_A_-_Kevin_Tolhurst.pdf


Philip Zylstra: Rethinking the fuel – fire relationship 
 

Page | 99  R.P.Thornton (Ed) 2011, ‘Proceedings of Bushfire CRC & AFAC 2011 Conference Science Day’ 1 September 2011, 

Sydney Australia, Bushfire CRC  

 
 

Weber RO, Gill AM, Lyons RRA, Moore PHR, Bradstock RA, Mercer GN (1995) Modelling 

wildland fire temperatures. CALM Science Supplement 4, 23-26 

Weng W, Kamikawa D, Fukuda Y, Hasemi Y, Kagiya K (2004) Study on flame height of merged 

flame from multiple fire sources. Combustion Science and Technology 176(14), 2105-2123 

Williams RJ (1992) Gap dynamics in subalpine heathland and grassland vegetation in south-

eastern Australia. Journal of Ecology 80, 343-352 

Wimbush DJ, Costin AB (1979) Trends in vegetation at Kosciuszko. I. Grazing trials in the 

subalpine zone, 1957 – 1971. Australian Journal of Botany 27, 741-787 

Wolff MF, Carrier GF, Fendell FE (1991) Wind aided fire spread across discrete fuel arrays, 2. 

Experiments. Combustion Science and Technology 77, 261-289 

Zedler PH, Seiger LA (2000) Age mosaics and fire size in chaparral: a simulation study. In ‘2nd 

interface between ecology and land development in California’. (Eds JE Keeley, M Baer-Keeley 

and CJ Fotheringham), pp. 9-18, US Geological Survey Open-File Report 00-62 

Zylstra P (2006a) ‘Fire History of the Australian Alps’. (AALC: Canberra) 

Zylstra P (2006b) Physical properties determining flammability in sclerophyllous leaves and 

flame propagation within shrubs and trees in the Australian Alps. Forest Ecology and 

Management 234S, S81 

Zylstra P (2009) How fire works and what it means for fuel control. Bushfire CRC Firenote Issue 

49. http://bushfirecrc.com/publications/downloads/0912_firenote 49_lowres.pdf 

Zylstra P (2011a) Forest flammability: modelling and managing a complex system. PhD Thesis, 

UNSW: Canberra 

Zylstra P (2011b) Development of rapid fuel assessment techniques for the Forest Flammability 

Model. NSW Office of Environment and Heritage Report to Geoscience Australia for the Fire 

Impact and Risk Evaluation Decision Support Tool Project – Bushfire CRC. OEH 2011/0584 

Zylstra P (2011c) Defining plan structure and its obscuration profile for use in interface scene 

assessment. NSW Office of Environment and Heritage Report to Geoscience Australia for the 

Fire Impact and Risk Evaluation Decision Support Tool Project – Bushfire CRC. OEH 2011/0810 

 

 

 

http://bushfirecrc.com/publications/downloads/0912_firenote%2049_lowres.pdf

