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a b s t r a c t

Wildfires will continue to reach people and property regardless of management effort in the landscape.
House-based strategies are therefore required to complement the landscape strategies in order to reduce
the extent of house loss. Here we use a Bayesian Network approach to quantify the relative influence of
preventative and suppressive management strategies on the probability of house loss in Australia.
Community education had a limited effect on the extent to which residents prepared their property
hence a limited effect on the reduction in risk of house loss, however hypothetically improving property
preparedness did reduce the risk of house loss. Increasing expenditure on suppression resources resulted
in a greater reduction in the risk of loss than preparedness. This increase had an interaction effect with
increasing the distance between vegetation and the houses. The extent to which any one action can be
implemented is limited by social, environmental and economic factors.

© 2015 Published by Elsevier Ltd.
1. Introduction

Wildfires can cause considerable damage to people and prop-
erty with the effects on communities and individuals lasting for
many years after the event. The Black Saturday fires in Victoria,
Australia, resulted in the damage or destruction of over 2000
houses and the loss of 173 lives (Gibbons et al., 2012; Leonard et al.,
2009b; Price and Bradstock, 2012). Similarly, the 2007 wildfires in
California resulted in the evacuation of 300 000 people and the loss
of 2223 houses (McCaffrey and Rhodes, 2009). In the following
years, wildfires have considerable economic impacts on commu-
nities, local business and production (e.g. agriculture and forestry)
(Ganewatta, 2008). Societal impacts continue for decades as many
residents suffer post-traumatic stress as a result of the wildfire
(Langley and Jones, 2005; McFarlane et al., 1997; Papadatou et al.,
2012). Minimising the damage of wildfires to people and prop-
erty will therefore have a range of economic and social benefits.

Fire management agencies have large budgets devoted to
landscape fire management in an attempt to reduce the risk of fires
reaching property (Berry et al., 2006; Calkin et al., 2005). These are
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primarily fuel treatment (e.g. thinning, clearing, prescribed
burning) and fire suppression (i.e. the coordinated use of fire-
fighting resources such as trucks, helicopters and aircraft, in an
attempt to contain or extinguish the fire). Optimised placement of
fuel treatments and resources can reduce the risk to the interface,
i.e. those houses which form the boundary between native vege-
tation and urban areas (Bradstock et al., 2012; Finney et al., 2007;
Penman et al., 2014; Plucinski, 2012; Wilson and Wiitala, 2005).
However, these actions are not expected to contain all wildfires,
particularly under more severe fire weather conditions (Cary et al.,
2009; LaCroix et al., 2006; Penman et al., 2011a; Price and
Bradstock, 2010). Given that wildfires under severe fire weather
conditions are generally responsible for the majority of area burned
and greatest loss of houses (Blanchi et al., 2010; Bradstock et al.,
2009; Mees and Strauss, 1992; Podur and Martell, 2007), wildfires
will continue to reach houses regardless of the extent of manage-
ment intervention in the landscape (Bradstock et al., 2012; Cary
et al., 2009; Penman et al., 2014; Syphard et al., 2011). The fre-
quency with which fire impacts upon the interface is predicted to
increase due to the expansion of populations into native vegetation
and the severity of fire weather increases (Clarke et al., 2013;
Penman et al., 2013a; Syphard et al., 2007). Therefore house-
based strategies are required to complement the landscape stra-
tegies in order to minimise house loss.
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Management strategies that may reduce the risk of individual
property loss can be considered to be preventative or defensive,
because they are predicated on the assumption that fires will reach
the vicinity of houses. Considered decisions about placement of
property relative to flammable vegetation and building construc-
tion (Blanchi and Leonard, 2008; Cohen, 2000; Radeloff et al., 2005;
Ramsay et al., 1987) will affect the level of exposure to fire, hence
the probability of loss. In the short term, the primary preventative
option is educating land owners to prepare their property for
wildfire by reducing or removing fuels within their property
(Blanchi and Leonard, 2008; Gibbons et al., 2012; Gill, 2005;McGee,
2011) to reduce both the risk of ignitionwithin the property and the
severity of subsequent fire(s). Other defensive actions include fire
suppression in and around houses, although the level of suppres-
sion can vary fromwork carried out by individual residents through
Fig. 1. The study area and locations of houses burnt by wildfire betw
to volunteer or professional fire agency resources, e.g. fire trucks,
helicopters etc.

All these strategies are considered to reduce the risk of house
loss however there has been no quantification of the individual or
interactive effects. Fire management agencies require this infor-
mation to determine how to invest limited budgets in order to
reduce the risk of house loss. There are limited data available to
address the issue, primarily because houses are lost during emer-
gency situations where the focus is on protecting life and property,
rather than data collection. Generating such a data set after an
event relies on methods such as detailed structured interviews of a
large number of individuals in an attempt to reconstruct the range
of actions and responses. Furthermore, generation of suitable data
that covers sufficient events for a quantitative analysis has gener-
ally been considered too difficult and expensive (Gill et al., 2013).
een 2000 and 2012, i.e. houses damaged or lost during wildfires.



Fig. 2. Conceptual model used in the study. This model forms the basis for the full Bayesian Network model which appears Fig. 3.
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An alternative to reconstruction is to use a formal elicitation pro-
cess to generate meaningful values for quantitative analysis
(Burgman et al., 2011; Martin et al., 2012; Wintle et al., 2013).

Here we use a process based model combined with a formal
elicitation process to quantify the relative influence of preventative
and suppressivemanagement strategies on the probability of house
loss. Specifically, we ask the questions:

1. What is the optimal strategy or strategies at the interface to
reduce the risk of house loss in the event of a fire?

2. Does this capacity differ between urban interface and intermix
communities (low density housing within extensive native
vegetation)? (Radeloff et al., 2005)
2. Materials and methods

2.1. Study area

The study was conducted in the Sydney Basin Bioregion (Environment Australia,
2000), the most populated area of Australia. Within the Sydney Basin Bioregion are
three large urban centres (Sydney, Newcastle and Wollongong) which support a
combined population of 5.5 million people (www.abs.gov.au, AccessedMarch 2011).
Fire prone native vegetation, predominantly dry Eucalypt forest (Keith, 2004), sur-
rounds all three urban centres creating a large and complex urban interface (Fig. 1).
Between 2000 and 2012, 309 houses have been lost in the Sydney Basin, the ma-
jority of which occurred in three major fire seasons 2001/2002, 2002/2003 and
2006/2007 (New South Wales Rural Fire Service, unpublished data).

2.2. Model structure

We analysed the data using Bayesian Networks (BNs) as they provide an ideal
tool for undertaking risk analysis of complex environmental and social problems
such as this (Barton et al., 2008; Johnson et al., 2010; Pollino et al., 2007; Said, 2006).
They are depicted as directed acyclic graphs with each variable represented by a
node and arrows represent the directional relationships between them (Pearl, 1986).
Each node has a conditional probability table containing the joint probability dis-
tributions for the variable (Korb and Nicholson, 2011). The model propagates un-
certainty throughout the model, providing probability distributions for all output
nodes. Results are presented as likelihoods making these models valuable tools for
risk management calculations (Marcot et al., 2001).

The BN model encapsulates the period of time from when a fire arrives at a
development until all houses have been exposed to the fire and suppression has
been attempted, where available. The output of the model is a probabilistic estimate
of the risk of house loss in the development. In the model there are three phases, the
delivery of the fire load to the houses, potential ignition of the houses and the
resultant damage to the houses. The conceptual model builds on the structure
ignition assessment model of Cohen (2000) (Fig. 2), the influence diagrams appear
in Fig. 3 and are described in detail below. Node definitions are available in the
Supplementary Table 1.

In the first phase of themodel, a fire arrives at the property with a given fire load
which is determined by a combination of built and natural environment features
(Fig. 2). This model is based on the radiant heat flux model defined in Appendix 3 of
the Australian Standard 3959e2009 Construction of Buildings in Wildfire-prone
Areas (Standards Australia, 2009). In this model, the radiant heat flux from a fire
is determined using a series of equations which require inputs of slope, slope type
(upslope or downslope), vegetation type to determine fuel load, fire danger index
and distance of the house from vegetation. In the study, we considered only prop-
erties adjacent to forested vegetation and used theMcArthur forest fire danger index
(FFDI) (McArthur, 1967; Noble et al., 1980) as the fire danger index in the modelling
of radiant heat flux. FFDI is calculated from the daily temperature, humidity, rainfall,
average wind speed and longer term drying through a drought factor (Noble et al.,
1980).

In the second phase of the model, houses have the potential to ignite based on
the interaction of the exposure and the condition of the house. Exposure is based on
the calculated radiant heat flux of the property which is translated to the probability
of exposure to each of embers, radiant heat and flame contact (Ramsay et al., 1987).
The probability that a house ignites from each of these sources is then driven by its
condition, which is a measure of fuels on or adjacent to the house (Gill, 2005;
Penman et al., 2013b). These include timber decking, leaf litter on the roof or in
the gutters and shrubs adjacent to the house (Blanchi and Leonard, 2008; Nelson
et al., 2005). The condition of an individual property is the degree to which a resi-
dent prepares for wildfire. The primary factor influencing the extent to which a
resident prepares for wildfire is the level of education received. In the model, we
examine how community education alters the extent to which residents improve
the condition of their house and land (Bihari and Ryan, 2012; McGee, 2011; Nelson
et al., 2005). Four levels of community education were considered:

1. No active education campaign;
2. Letterbox drop of information regarding preparing your house for wildfire;
3. A letterbox drop plus a “street walk”where agency staff and volunteers speak to

home owners directly about actions they should take on their property to pre-
pare for wildfires; and

4. A letterbox drop, street walk and a television advertising campaign instructing
residents how they should prepare their property for wildfires.

The third phase of the model, estimates the extent of damage to a house that has
ignited as determined by the type of ignition (ember, radiant heat or flame contact)
and the suppression resources available. Suppression resource success was in turn
influenced by the access to the property available to suppression resources, i.e.
whether there was defensible space (Cohen, 2004; Cohen and Butler, 1998; Leonard
et al., 2009a). As we are considering a cluster of 10 houses, other factors that may
affect suppression success, such as distance to the development from fire stations
and nature of the road network, were not included in the model as they were
considered to be approximately equal for the 10 houses. Four types of suppression
were included in the model:

1. No active suppression;

http://www.abs.gov.au


Fig. 3. The influence diagrams from the full Bayesian Network model, see Supplementary Table 1 for node definitions. a) the full model with the house loss sub-model represented
by a single box, b) shows the detail of the house loss model. Pink nodes represent decisions, orange nodes are data measured from GIS data or Google Earth, purple nodes are data
derived from the Radiant Heat Flux process model, green nodes are derived from expert opinion and white nodes represent the sub-model. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Questions used in the expert elicitation exercise. The first two questions were addressed by group 1 and the final two questions by group 2. “Variable in the question”
represents the levels of the component of the question that was varied with the elicitation exercise. Node for generated data represents the node in Supplementary material
Table 1 where the data from the elicitation exercise was used. Definitions for education type and suppression resources are provided in the text.

Question Variable(s) in the question Node for
generated data

If a public education campaign used [EDUCATION TYPE], of a group of twenty houses
how many would be in poor, average or good condition based on the definitions
presented in Table 2?

EDUCATION TYPE e None; Letterbox drop; Letterbox
drop þ Streetwalk; Letterbox drop þ Streetwalk þ TV
advertising

House
condition

Given the condition of a house (poor, average, good), a house is exposed to an
[IGNITION SOURCE] what is the probability of the house igniting and by
what source?

IGNITION SOURCE e Light embers; Heavy embers; Radiant
heat þ heavy embers; Fire front flame þ radiant heat þ heavy
embers; Structure flame

Ignition
exposure

A fire has approached a series of ten houses, how many could a single
[SUPPRESSION RESOURCE] attempt to protect with [ACCESS]?

SUPPRESSION RESOURCEe None; CFU; Fire agency tanker with
full crew; Fire agency tanker with full crew and a single
helicopter in support
ACCESS e Poor (no space for a vehicle between the structure
and fire front); Good (no space for a vehicle between the
structure and fire front)

Suppression
effort
remaining

Given a house has ignited by [IGNITION SOURCE] and a [SUPPRESSION
RESOURCE] is available, what is the extent of damage e minor, major or loss?
Minor ¼ cosmetic damage, Major ¼ structural damage, Loss ¼ house requires
demolition

IGNITION SOURCE e see above
SUPPRESSION RESOURCE e see above

Fate
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2. A community fire unit (CFU). This is a trailer provided to the community by fire
agencies for the purpose of residents defending property within their commu-
nity. The trailer includes personal protective equipment, hoses, hose fittings and
a water pump. Residents are given training in its use by qualified fire manage-
ment agency staff or volunteers (Lowe et al., 2008);

3. A fully staffed fire agency tanker. These are a heavy vehiclewith a dual cab for six
crew members. The tanker contains pumps, hoses and water tanks capable of
carrying 3500 L of water. Other modifications have been made to these vehicles
specifically for the purposes of defending against wildfires; and

4. A fully staffed fire agency fire tanker (see above) with support from a medium
helicopter. These helicopters are equipped to assist in fighting wildfires pri-
marily through a water bombing bucket carrying more than 1000 L of water.
Helicopters work in conjunction with ground crews on the fire ground.

We incorporated a dynamic component to the model to allow for the fire to
ignite properties from both the fire front and from adjacent structures. Probability of
structure to structure transmission of fires increasedwith housing density, reflecting
the exponential decline in radiant heat with distance from the source, i.e. a burning
house (Cohen, 2004). Themodel considered a hypothetical, linear series of 10 houses
with a relatively simple dynamic structure where houses could only affect the
adjacent house in a single direction, i.e. if house 1 ignited it could affect the prob-
ability of ignition for house 2, however house 2 could not affect house 1. A linear
approach was used to represent the fire front moving through the series of houses.
Incorporating spread in both directions created a BN that was too complex and
would have required assumptions regarding fire spread and suppression that we
could not support. Suppression resources were considered finite, but varied be-
tween suppression types. An initial quantity of available effort was allocated to each
suppression type, which varied according to the type of ignition and suppression
resource. This quantity was reduced as the resource attempted to suppress fires at
property. Once the total amount of suppression effort was used for that resource, the
suppression resource was no longer available and any ignitions at the remaining
houses were not suppressed. The output node of themodel is the “Number of houses
lost” which we have used to represent the risk of house loss (Supplementary
Table 1). Risk of loss is recorded as a joint probability distribution covering the
loss of 0e10 houses.
2.3. Data to populate the conditional probability tables (CPTs)

Data used to populate the CPTs were either measured for the study area, a
process based model or compiled from an elicitation exercise (Supplementary
Table 1). Each of these is described in detail below.

Spatial data were used to calculate distance to vegetation, housing density,
slope, topographic position and vegetation type. These data were calculated by
taking a random sample of 25 houses in each of the 25 unique locations within the
Sydney Basin where one or more houses have been lost between 2000 and 2012
(Fig. 1). Housing density, access to property and distance to vegetation were calcu-
lated using Google Earth® (earth.google.com, Accessed August 2012). Houses were
assigned to either interface or intermix based on the definitions of Radeloff et al.
(2005). Access for suppression was classed as good if a fire suppression vehicle
could be positioned between the structure and the vegetation, and poor if it could
not. Slope and topographic position were calculated from a 9 s (25 m) digital
elevation model. Vegetation type was determined from a spatial vegetation map
(Keith, 2004). House loss rarely occurs below an FFDI of 50 (Blanchi et al., 2010;
Bradstock et al., 2009), therefore we calculated the distribution of days with FFDI
greater than 50 using the maximum daily FFDI from Richmond Bureau of Meteo-
rology weather station (station number 67033) for the period from 1970 through to
2010.

Radiant heat flux (RHF) was estimated using the process based model presented
in Appendix 3 of the Australian Standard AS3959-2009 e Construction of buildings
in wildfire prone areas (Standards Australia, 2009). An estimate of RHF from the
primary fire front is calculated based on the fire weather, distance to vegetation,
slope, topographic position and the fuel load based on the vegetation type. RHF is a
measure which is commonly used to examine the combustibility of flammable
construction materials, e.g. timber, or the point of failure of barrier materials, e.g.
glass. RHF and the vegetation type were used to estimate the likely exposure of the
property to embers, radiant heat sufficient to ignite a structure and direct flame
contact. AS3959-2009 provides qualitative relationship which was further refined
by a wildfire house loss expert.

An elicitation exercise was used to populate the CPTs relating to community
education, house condition, ignition, suppression and damage. The exercise was run
in June 2012 within the New South Wales Rural Fire Service annual conference
which was attended by employees and volunteers of a number of fire management
agencies from south-eastern Australia. Four identical workshops were run within
the conference with 20 participants in each, resulting in a total of 80 participants.
Within each workshop, participants were asked to self-select areas of expertise into
one of two subject areas. The first two groups considered the role of community
education on house condition and then considered the role of house condition and
ignition exposure on the probability of ignition. The second two groups considered
the number of houses suppression types could attempt to address in a given period
of time and then considered the ability of suppression types to successful suppress
an ignited house.

A visual method was used to elicit probabilities for the relationships in the BN
for which no data were available. Verbal elicitation of probability values (Burgman
et al., 2011; Wintle et al., 2013) was considered inappropriate for the participants
in the study as the majority of participants were not familiar with probability esti-
mation. To overcome this we used a counting method for probability estimation.
Participants were asked questions (Table 1) and provided with a laminated sheet of
A4 paper that used coloured squares to represent the different outcomes, i.e. states
in the node. For example, question 1 in the study asked participants “What pro-
portion of houses would you expect to find in each condition if the community
education was limited to material provided in letterbox drops?” In this case, the
response sheet contained three squares labelled “Poor”, “Average” or “Good”. To
elicit the probabilities participants were given 20 miniature houses and asked to
allocate these to each of the response options according to their beliefs. The result
was a probability distribution function, with each house representing a 5% or 0.05
increment within each response. The use of 20 houses allowed for sufficiently fine
scale differences to be measured, without overwhelming the participants. Proba-
bility distributions were derived from mean values across all participants in the
workshop which were used to form the CPT. Aggregated estimates for the distri-
butions were used as these have been found to provide the best estimates of values
from groups of experts (see Burgman et al., 2011 and references therein).
2.4. Scenario testing

Several scenarios were used to examine the influence of management on the
probability of house loss. Firstly, comparisons were made between the four levels of

http://earth.google.com


Table 2
Definitions provided to participants for house condition.

Poor condition Average condition Good condition

Trees or shrubs overhanging roof Some overhanging trees or shrubs No overhanging trees or shrubs
Damaged or missing tiles A small amount of leaf litter in the gutters Roof in good conditions
Gutters full of dried leaf litter Some flammable shrubs in the yard Empty gutters
Flammable vegetation near house No wood piles near house Fire sprinkler on gutters
Wood piles adjacent to the house Mown lawn No flammable vegetation within 10 m of the house
Unmown lawn No wood piles near house
No screens on doors or windows Mown lawn
A combustible doormat Metal flywire or solid screens fitted to the outside windows and doors

Fig. 4. The influence of community education strategies on house condition (number of participants ¼ 40). X-axis represents the community education strategies considered.
LB ¼ letterbox drop, SW þ LB ¼ street walk plus letterbox drop and TV þ SW þ LB¼ Television advertising, street walk plus letterbox drop.
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community education and four types of suppression under current development
patterns. The four types of suppression were also combined with an idealised
community education campaign, resulting in a total of 20 combinations (five edu-
cation approaches� four suppression approaches). An idealised campaignwas used
to examine the effect of a strong increase in house preparation by adjusting the
probability distribution for the node “house condition”. Scenarios with an idealised
campaign had 10% of houses in a “poor” condition, 60% in “average” condition and
30% in “excellent” condition. To examine the role of offsetting properties from
vegetation, we created a hypothetical minimum fuel reduced break between
vegetation and houses of 40 m, based on the recommendations of Cohen and Butler
(1998). This was achieved by adjusting data in the node “distance to vegetation”. Any
properties which currently occur within 40 m of vegetation were given a setback
Fig. 5. The influence of house condition and ignition exposure on the probability of ignition
P ¼ poor, A ¼ average and G ¼ good. X-axis represents the ignition type.
distance of 40 m and any properties greater than 40 m from vegetation remained at
their current distance. This could represent the creation of “defensible space”
(Cohen and Butler, 1998) for large house blocks or a local government decision to
create a 40 m wide asset protection zone adjacent to smaller urban blocks. All
preparation and suppression management scenarios were rerun with the 40 m
offset resulting in a total of 40 management scenarios (five education approach-
es� four suppression approaches� two distance to vegetation (current or 40 m)).
Comparisons of these 40 management scenarios were made separately for interface
and intermix communities.

Comparisons between the management scenarios were made using the prob-
ability distribution of the node “Houses lost”. To examine the impact of management
we compared the change in the probability distribution from the base scenario, i.e.
. House condition is represented in the groups of three lines by the letter on the x-axis



Fig. 6. The influence of ignition type and suppression resources on the number of houses which each suppression type can attempt to defend.
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current development patterns with no community education and no suppression.
For each management scenario, we subtracted the probability distribution function
from the base scenario. The absolute value of the area, i.e. the total area, under the
resultant curve was used as a measure of management effectiveness which we term
“relative risk reduction”.
3. Results

3.1. Elicitation

Opinions of the participants suggested that the education cam-
paigns considered were likely to be ineffective in influencing pre-
paredness by residents (Fig. 4). The greatest change in the
Fig. 7. The influence of suppression type and ignition type on the probability of damage.
C¼ CFU, Gp ¼ Ground crew with poor access, Gg ¼ Ground crew with good access, GAp ¼
access with aerial support.
distribution was predicted to occur if an education campaign
included a ‘street walk’, withmuch smaller changes predictedwhen
either the letterbox drop or television advertising were included in
the mix. Regardless of the advertising campaign very few houses
were considered to be in the “Good” category of preparedness.

House condition was considered to have a strong influence on
the probability of ignition from all sources. As the severity of the
ignition source increased from ember to flame contact, there is a
corresponding increase in the probability of ignition. Ignition was
not always directly attributed to the most severe ignition type. For
example, when a house is exposed to flame from the fire front,
there are approximately equal probabilities of the house igniting
from embers, radiant heat and flame contact (Fig. 5).
Suppression type is represented in the groups of five lines by the letter on the x-axis
Ground crew with poor access with aerial support and GAg ¼ Ground crew with good



Fig. 8. Probability of loss predictions for 10 houses in current development patterns that were exposed to fire in the interface and intermix zones under varying levels of community
education. Black lines represent the range of strategies in the expert elicitation workshop. Solid black line is no community education, dashed line is the letterbox drop, dotted line is
the letterbox drop and street walk and the dot and dashed line represents the letterbox drop, street walk and television advertising campaign. Grey line represents the idealised
community education strategy.
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Ignition type, suppression resource and access influenced the
predicted number of houses on which suppression could be
attempted (Fig. 6). CFUs were predicted to be able to defend two
houses from ember attack but only a single house for radiant heat,
flame contact or structure flame contact. Professional crews were
predicted to be capable of addressing a greater number of houses.
When access increased from poor to good, suppression crews were
predicted to be able to attempt to defend an additional house.
Across all suppression resources, as the ignition type increased
from embers to flame contact the number of houses on which
suppression could be attempted decreased (Fig. 6).

Once a house had ignited, the extent of damagewas predicted to
be strongly influenced by both the suppression resource type and
the type of ignition (Fig. 7). The predicted extent of damage was
higher for houses treated by CFUs compared with professional
crews. Houses with poor access were predicted to have a higher
probability of major damage or loss comparedwith thosewith good
access. The role of aerial support varied across ignition type. Aerial
support was predicted to have additional benefits for houses
ignited by embers, radiant heat or flame contact from the fire front,
however this benefit was not apparent for structure flame contact.
Across all suppression types, the predicted extent of damage
increased as the severity of the ignition type increased from embers
to flame contact (Fig. 7).

3.2. Risk of loss

Existing community education campaigns were predicted to
have minor effects on the shape of the probability distributions of
house loss in both the interface and intermix. Community educa-
tion had the greatest predicted reduction in loss when there was
either no suppression or only a CFU available (Figs. 8e10). Across all
scenarios the idealised education campaign was predicted to result
in a greater reduction in risk, compared to other education cam-
paigns. The idealised campaign resulted in shifts comparable to an
increase in suppression effort. For example, the shift from the base
scenario to an idealised education campaign with no suppression
was predicted to be equivalent to the addition of a CFU with no
education campaign (Fig. 10).

Increasing the level of suppression effort resulted in shifts in the
predictedprobability distributions from the reverse exponential (no
suppression) to a left skewed distribution (ground crewswith aerial
support) (Figs. 8e10). While the presence of a CFU was predicted to
reduce the risk of loss, increasing the suppression resource to a fire
tanker further reduced predicted risk by 30e55%. More modest
decreases in risk were predicted when aerial support was included.
The greatest effect of aerial support was seen at the interface for
current development patterns with a predicted reduction of risk
between 20 and 27%. For all other development scenarios in the
interface and intermix, the inclusion of aerial support reduced risk
between 10 and 15% when compared to ground tankers alone.

The predicted probability distribution for all combinations of
community education and suppression followed similar patterns
when properties were offset 40 m from vegetation. Across all
strategies the offsetting predicted a decreased extent of house loss
compared to existing development patterns (Figs. 8e10) with
relative risk reduction ranging from 0.15 to 0.35, with a mean of
0.24. The 40 m offset in the interface resulted in the greatest pre-
dicted reduction in risk for scenarios with no suppression, followed
closely by scenarios with CFUs. In contrast, the 40 m offset in the
intermix resulted in the greatest reduction of risk for scenarios
which included only a fire tanker for fire suppression.



Fig. 9. Probability of loss predictions for 10 houses in the hypothetical development pattern with a minimum distance of 40 m to vegetation. Black lines represent the range of
strategies in the expert elicitation workshop. Solid black line is no community education, dashed line is the letterbox drop, dotted line is the letterbox drop and street walk and the
dot and dashed line represents the letterbox drop, street walk and television advertising campaign. Grey line represents the idealised community education strategy.
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4. Discussion

There are a range of strategies in and around properties that will
reduce the risk of house loss in the event of a fire. Increasing the
distance between vegetation and structures had the strongest in-
fluence as they reduce the exposure and increase the ability of fire
suppression to address fires when they occur. Residents have the
potential to reduce their own risk if they prepare property for
wildfire, yet they often fail to do so.While therewere no differences
in the relative role of offsetting properties from vegetation, sup-
pression or property preparation between the interface and
intermix, the absolute values were different.
Fig. 10. Magnitude of change in the probability distributions from
5. Community education

Community education campaigns were predicted to be rela-
tively unsuccessful in altering the extent to which property pre-
paredness and thereby reducing the risk of house loss. Participants
in the elicitation exercise believed that few residents were likely to
respond to any of the proposed education campaigns which is
consistent with empirical studies elsewhere (McLennan et al.,
2012). The idealised education campaign which hypothetically
improved the overall community standard of house condition
resulted in large reduction to the predicted risk of house loss
(Fig. 10).
the base scenario using the area under the curve calculations.
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There are a range of reasons why education campaigns fail to
increase levels of property preparedness and hence reduce the risk
of loss. A resident must determine whether the money and time
spent preparing their property for wildfire will provide a sufficient
return for their investment. Education campaigns will only be
adopted if residents perceive that their property is at risk of wildfire
(Bihari and Ryan, 2012; McGee, 2011; Paton and Wright, 2008).
Perceptions of risk fromwildfire will be relative to other risks faced
by residents on a daily basis, e.g. road safety or an annual basis, e.g.
cyclones (Cottrell et al., 2008). Where fire risk is not perceived to be
a high risk, the level of preparation for fire is likely to be low
regardless of education. However, accurate perception of risk is not
necessarily sufficient for residents to take action to reduce the risk
(Collins, 2009). Residents may take an active decision not to pre-
pare their property for wildfire to maintain social amenity (Daniel
et al., 2003; Nelson et al., 2005). Alternatively, residents may decide
not to prepare their property for wildfire because they believe they
will be protected by fire suppression, disaster funding or insurance
(Beringer, 2000; Collins, 2009; McKee et al., 2004; Winter and
Fried, 2000). Educating residents of the consequences of not pre-
paring is likely to be as important as education about how to
prepare.

Alternative education approaches that were not considered in
this study are clearly needed to increase the adoption of house
preparation measures in order to reduce the risk of loss. Many fire
management agencies have attempted social media to disseminate
information to communities regarding current events and house
preparation. These strategies are considered passive in that it de-
pends entirely on the resident to engagewith the information. Such
strategies are likely to suffer the same issues identified above.
Active education strategies are required as they are more likely to
increase the understanding of riskwithin the community and result
in a higher level of preparation for wildfires (Jakes et al., 2007),
thereby lowering the risk of loss (Fig. 10).

5.1. Suppression

The presence of suppression resources was predicted to reduce
the risk of loss (Fig. 10). Agency resources were predicted to result
in a greater reduction in risk compared to the CFU which is likely to
be a function of the resource capacity and personnel i.e. respec-
tively, a single small pump and tank staffed by residents with basic
training, versus a large tank with multiple high powered pumps
operated by trained staff or volunteers with greater fire experience
(Lowe et al., 2008). Regardless, the predicted ability to reduce risk
means that community fire units could be a valuable addition to
agency resources. Careful placement of these resources in high fire
risk zones which are difficult for fire agencies to access during a fire
is likely to increase their value (Lowe et al., 2008; Solangaarachchi
et al., 2012). There may also be indirect benefits of the deployment
of a CFU. The presence of these units may raise community fire
awareness resulting in an increased level of preparation for wildfire
at both the property and community level (Lahey, 2011; Lowe et al.,
2008).

Agency resources were predicted to reduce the risk of loss, with
aerial support predicted to further reduce the risk of loss. Aerial
support can potentially assist ground crews by reducing the in-
tensity of the approaching fire or of a structure fire (Konishi et al.,
2008). There are few data about the success of any type of sup-
pression resource directly protecting property during a wildfire.
Most wildfire suppression research focuses on the containment or
control of fires in the landscape (Budd et al., 1997; Cumming, 2005;
Finney et al., 2009; Hirsch et al., 2000; Hu and Ntaimo, 2009; Mees
and Strauss,1992; Podur andMartell, 2007) rather than their role in
the protection of exposed houses. One of the few studies that
address this argue the presence of humans results in a 3e6 times
decrease in the probability of a property being lost, with the
magnitude of the decrease being similar for residents and fire
brigades (Blanchi and Leonard, 2008). However, it should be noted
that there is no data on whether suppression was attempted for a
significant proportion of houses that were lost (58%), suggesting
that the success of suppression maybe somewhat lower.

Our model did not account for residents who elect to stay and
defend their property. Residents can provide a valuable resource in
defending property from wildfire (Blanchi and Leonard, 2008;
Ramsay et al., 1987; Wilson and Ferguson, 1986) and have been
encouraged to under certain conditions in Australia (McCaffrey and
Rhodes, 2009; Tibbits et al., 2008). Elsewhere the prevailing model
is to evacuate residents (McCaffrey and Rhodes, 2009; Mutch et al.,
2011). A range of physical and mental characteristics that affect the
success of a resident safely defending property have been identified
(Eriksen and Prior, 2013; Mutch et al., 2011; Tibbits et al., 2008) and
it was beyond the scope of the model to capture these accurately.
Residents that are capable and prepared for wildfire would be ex-
pected to further reduce the risk of loss.

5.2. Offsetting property from vegetation

Implementing a 40 m break between the vegetation and prop-
erty resulted in a large reduction in risk of loss in both the interface
and intermix zones (Fig. 10). These results are consistent with
empirical data from Australia and the USA (Ahern and Chladhil,
1999; Cohen, 2004; Cohen and Butler, 1998; Leonard et al.,
2009b). In a study of house loss during the 2009 Black Saturday
fires, Gibbons et al. (2012) found the probability of house loss
increased with the proportion of vegetation cover within 40 m of
the house. Similarly, Chen and McAneney (2004) compared house
loss across two large fires in south-eastern Australia estimating that
60% of houses within 50 m of the vegetation were lost. The rate of
loss decreases with increasing distance from vegetation, with
houses being lost at distances greater than 650 m from vegetation
(Chen and McAneney, 2004; Price and Bradstock, 2013).

Increasing the distance between property and vegetation de-
creases the level of exposure to the house from the fire front.
Radiant heat flux models used in this study predict that at 40 m
from vegetation a property will not be exposed to direct flame
contact on extreme FFDI days. Furthermore, houses at distances
greater than 65 m from the vegetation are predicted to be exposed
only to embers (Fig. 11). Exposure to flames and radiant heat are
considered to result in an increased probability of ignition of the
property from the fire front (Fig. 5), when compared to embers
alone. This probability increases when a house is in a poor condi-
tion due to the increased levels of fuels in and around the house
(Gill and Stephens, 2009) (Fig. 5). Suppression resources are also
considered less successful in preventing the loss of property when
it is ignited by flame contact or radiant heat (Cohen and Butler,
1998) (Fig. 7). Furthermore, the 40 m gap provides a defensible
space which can increase the probability of successful suppression
(Cohen and Butler, 1998; Gill and Stephens, 2009).

Enforcing offsets between new housing developments and
flammable vegetation is likely to reduce risk of future house loss,
but this is unlikely to be an acceptable method for reducing risk to
existing houses for both ecological and social reasons (Hughes and
Mercer, 2009). Urban expansion into native vegetation is already
resulting in significant ecological impacts (Syphard et al., 2007).
Clearing an additional 40 m at the urban interface is likely to
exacerbate this issue. For example, there are a number of threat-
ened species which have significant populations in the interface
zone in the study area. Implementing a 40 m offset would result in
the loss of key populations of these species, thereby decreasing



Fig. 11. Radiant heat flux as a function of slope and distance from the vegetation. Predictions are based on the models in AS3959-2009 (Standards Australia, 2009) for sites near
forested vegetation on a day where the fire danger index is 85, representing an “Extreme” FFDI day.
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their medium and longer term viability (Regan et al., 2003; Thumm
and Mahony, 1999). Socially, residents are unlikely to support the
clearing of a 40 m offset for the same reasons they often chose not
to prepare for wildfires. The vegetation provides a feeling of natu-
ralness and removal of this would reduce the perceived value of the
property (Daniel et al., 2003; Nelson et al., 2005, 2004).

5.3. Interface vs intermix

There was no difference in the relative importance of manage-
ment approaches between the interface and intermix houses,
however the predicted risk of loss was lower in the intermix (Figs. 8
and 4). The primary reason for this is the potential for house to
house transmission of fires was modelled as significantly higher in
the interface zones considered in the study. House to house
transmission has been identified as a significant cause of house loss
in wildfires (Cohen and Stratton, 2008; Gibbons et al., 2012;
Ramsay et al., 1987). Flame contact and radiant heat from adja-
cent burning houses can last longer and at higher intensities than
the exposure to the main fire front (Blanchi and Leonard, 2005).
Such fires were predicted to be more difficult to suppress and more
demanding on suppression resources (Fig. 7). The predicted dif-
ferences between interface and intermix houses may not be as high
when intermix properties are in closer proximity. Interface houses
are within 10 m of an adjacent house, whereas the intermix houses
in the study areawere generally more than 50m apart. Distances of
50 m result in a very small probability of house to house trans-
mission, except through the spread of embers.

5.4. Allocating resources to reduce risk

All actions tested were able to reduce the risk of house loss in
the event of a wildfire. Increasing the level of management resulted
in an increased reduction in risk (Fig. 10). We have not attempted to
trade-off investment between management strategies as each
strategy operates on different spatial and temporal scales. Miti-
gating risk through urban planning (legislated offsetting of prop-
erties from vegetation) is a broad scale approach that can take
decades to be realised. Investment in suppression resources is a
strategic long term decision, although the mobility of these re-
sources allows for the risk reduction benefits to be spread more
broadly in shorter time frames. Residents need to decide whether
they will create and maintain defensible space (if practical).
Furthermore they need to decide annually whether to prepare their
property for the upcoming wildfire season, with both decisions
influenced by cost, education, past fire experience and the decisions
of neighbours (see above).

Reducing risk of loss bywildfire in the long termmay require high
level governance to prevent urban expansion into high fire risk areas
(Keeley et al., 2009; Syphard et al., 2007), and where this does occur
the implementation of meaningful offsets from vegetation is
required. These approaches are lower costs to government and res-
idents, with the cost of implementation largely restricted to an op-
portunity cost to property developers who will have a reduced
development footprint in these areas. While such approaches are
desirable, they do not address properties that currently are at risk of
loss fromwildfires.

Reducing risk in the short to medium term requires strategic use
of suppression and community education. Results of the study
demonstrated that all levels of suppression resources result in a
reduction of risk. A strategic allocation of agency resources in high
fire risk areas that is complimented with CFUs should be a priority
for fire management agencies. Careful placement will increase the
chance of some form of suppression resource being available to
defend property in the event of a wildfire. Education strategies we
tested were not found to effectively change the behaviour of resi-
dents, however the model demonstrated that changing behaviour
would result in significant risk reductions. Therefore, there is value
in developing and investing in education campaigns that did
improve the overall condition of properties in communities in high
fire risk areas will further reduce the risk of loss.

While our model was developed with data elicited from Austra-
lian fire agency staff, the results of the model are applicable to other
fire prone systems around the globe. Many of the management ap-
proaches tested are commonly used elsewhere. Fire management
agencies globally seek to educate residents to better reduce their risk
of loss (Jakes et al., 2007; McCaffrey and Olsen, 2012; McGee, 2011;
Nelson et al., 2005). Similarly, additional clearance between vegeta-
tion and properties is strongly advocated through terms such as
“defensible space” (Bihari andRyan,2012;Nelsonet al., 2004;Winter
et al., 2009). Globally, fire management agencies use suppression
resources suchasfire trucks andaircraft toprotectproperties froman
approaching fire. The onlymanagement approached tested thatmay
be unique to Australia is the use of community fire units. Results of
our study support the notion that empowering residents or com-
munities to defend their properties fromwildfires, where it is safe to
doso,will reduce the riskof loss (McCaffreyandRhodes, 2009;Mutch
et al., 2011; Stephens et al., 2009; Tibbits et al., 2008).
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6. Model limitations

The model presented here attempted to quantify the risk of loss
that can be attributed tomanagement actions of various spatial and
temporal time scales. There is a lack of empirical data that can be
used for such a model and this resulted in the need to use expert
elicitation for some of the key nodes in the model. However, this is
not necessarily a limitation as Bayesian Networks built purely on
empirical data tend overfit the data to the situation in which data
were collected and as result lose the generality of the result
(Dlamini, 2010; Marcot et al., 2006). However, our model results
could be further validated through the collection of empirical data.
In particular, detailed observations of the effect of house condition
on the chance of ignition of property and the ability of suppression
resources to reduce ignition and subsequent damage to structures
would be valuable. There are great difficulties in generating such
data sets. Firstly, these events are emergency situations and col-
lecting data during these events is dangerous to the researchers and
the suppression crews involved in the fire. Secondly, these events
occur with low frequency and are spatially sparse resulting in
strong geographic biases in any dataset. Thirdly, the number of
variables that are involved in any given wildfire, the ignition of a
property and the potential suppression are beyond the scope of
traditional empirical modelling approaches (Gill et al., 2013). It is
possible, that simulation models have the potential to overcome
these issues (Leonard et al., 2009b). However, the initial calibration
of such models will also be extremely challenging for the reasons
described above.

Despite the limitations, there is increasing acceptance in the use
of experts in environmental decision making (Burgman et al., 2011;
Etienne et al., 2003; Forbis et al., 2006; James et al., 2010; Keith,
1996; Kelly et al., 2013; Martin et al., 2012; Runge et al., 2011).
However, the use of experts requires careful design and interpre-
tation of the data. While it is beyond the scope of this paper to
discuss thesematters in full, we refer readers to a number of papers
which outline appropriate methodologies (Burgman et al., 2011;
Krueger et al., 2012; Martin et al., 2012; Wintle et al., 2013). Our
approach required the estimation of a large number of probabilities
in a relatively short period of time. We used a visual method as
verbal elicitation of probability values (Burgman et al., 2011;Wintle
et al., 2013) was considered inappropriate for the participants in the
study. Instead we used a counting method for probability estima-
tion that explicitly incorporated anchoring (Korb and Nicholson,
2011) to allow participants to focus on visualising change rather
than absolute values. Furthermore, we collected individual esti-
mates rather than looking for group consensus allowing all in-
dividuals to have equal say. Finally, we collected a group that had
the breadth of experience required to address all areas of the
elicitation exercise to allow for consistency across estimates. For
this reason, our expert group did not include CFUmembers rather it
focused on volunteer fire fighters and professional fire managers.

In the model, expert data was included through the use of the
aggregated probability distributions. The approach was taken as
aggregated values have been found to provide the best estimates of
values from groups of experts (see Burgman et al., 2011 and refer-
ences therein). Our experts came from a range of geographic lo-
cations and had varied experiences. At the start of the exercise we
asked all participants to self-assess their expertise in the areas the
exercise covered. Distributions were derived by weighting the
probability estimates using the self-assessed expertise from each
participant but this did not significantly alter estimation of the
distributions and was not included in the formal analysis. Other
methods exist for aggregating and testing the strength of expert
opinion but require alternate strategies in the elicitation process
(Burgman et al., 2011; Clayton, 1997; James et al., 2010; Martin
et al., 2012; Wintle et al., 2013) that were not possible within the
time available with the expert groups. However, the results of the
elicitation exercise are consistent with published information (see
above discussion and supporting references) suggesting the com-
bined opinion of the experts were accurate enough to make com-
parisons within the BN.

A limitation and strength of the BN model prepared is that we
combined multiple data types to formulate the network. This may
be perceived a limitation as the datawere not consistently collected
across the model (Dlamini, 2010), however as discussed above this
is simply not possible for the study domain. Indeed, a commonly
cited strength of the BN approach over traditional statistical
methods is that they can bring together multiple data sources in
order to conduct risk assessments in complex systems where
empirical data are lacking (Korb and Nicholson, 2011; Pollino et al.,
2007; Trucco et al., 2008) and management agencies need to act.

7. Conclusion

In the study, we have brought together spatial data, a process
model and expert opinion in order to undertake a risk assessment
of various fire management strategies. BNs provide the ideal
framework for such a task and have been increasingly used in the
field of risk assessment (Borsuk et al., 2004; Burgman et al., 2010;
Chen and Pollino, 2012; Dlamini, 2010; Ejsing et al., 2008;
Johnson et al., 2010; Jolma et al., 2014; Lucas, 2004; Oatley and
Ewart, 2003; Punt and Hilborn, 1997). The approach we have
adopted would be broadly applicable to researchers in other nat-
ural disasters such as flood, drought and earthquakes, where data is
sparse but improving management practices may save lives and
property.

In our analysis, we found that all strategies can result in a
reduction in the risk of house loss from fires. However, meaningful
recommendations tomanagement require further consideration on
the extent to which any one action will be implemented which is
going to be limited by social, environmental and economic factors.
Our study focused specifically at the point of loss and has not
attempted to trade-off landscape management approaches such as
fuel treatment and initial attack of ignitions (Penman et al., 2014,
2011b). Future research which seeks to combine these models
and incorporates the cost of treatments would provide a strong
scientific underpinning formanagement agencieswhen developing
management strategies that can provide the greatest reduction in
risk to property and life.
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